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Abstract 
Understanding how the brain works remains one of the key challenges for scientists. To further this 
understanding a wide variety of technologies and research methods have been developed. One such 
technology is conductive electrodes, used to measure the electrical signals elicited from neuronal cells 
and tissues. These electrodes can be fabricated as a singular electrode or as a multi-electrode array 
(MEA). This permits bio-electrical measurements from one particular area or simultaneous 
measurements from multiple areas, respectively. Studying electrical and chemical signals of individual 
cells in situ requires the use of electrodes with ≤20 µm diameter. However, electrodes of this size 
generally produce high impedance, perturbing recording of the small signals generated from individual 
cells. Nanomaterials, such as carbon nanotubes (CNTs), can be deposited to increase the real surface 
area of these electrodes, producing higher sensitivity measurements. 
 
This thesis investigates the potential for using photo-thermal chemical vapour deposition grown CNTs 
as the electrode material for a de novo fabricated MEA. This device aimed to measure electrochemical 
signals in the form of dopamine, an important mammalian neurotransmitter, as well as conventional 
bio-electrical signals that the device is designed for. Realising this aim began with improving CNT 
aqueous wetting behaviour via oxygen plasma functionalisation. This procedure demonstrated grafting 
of oxygen functional groups to the CNT structure, and dramatic improvements in aqueous wetting 
behaviour, with CNTs attached to the device. Subsequently, oxygen plasma functionalised CNT-based 
MEAs were fabricated and tested, allowing comparisons with a non-functionalised CNT MEA and a 
state-of-the-art commercial MEA. The functionalised CNT MEA demonstrated an order of magnitude 
improvement compared to commercial MEAs (2.75 kΩ vs. 25.6 kΩ), at the biologically relevant 
frequency of 1 kHz. This was followed by measurement of one of the best sensitivity density values, 
compared to the available literature, for the electrochemical detection of dopamine (9.48 µA µM-1 mm-
2). The functionalised CNT MEA then illustrated some selectivity compared to common interferents, 
i.e. ascorbic acid, of a higher concentration. Nonetheless, imaging of the MEA revealed CNTs were 
being removed from the electrode areas due to extensive use. Therefore, the final results chapter aimed 
to develop a novel fabrication route for CNT-based MEAs that produced improved CNT retention on 
the electrodes. This next-generation functionalised CNT-based MEA displayed improved CNT 
retention, whilst also producing competitive electrochemical impedance values at 1 kHz (17.8 kΩ) and 
excellent electrochemical selectivity for dopamine vs. ascorbic acid. 
 
Overall, this thesis demonstrates the potential for using MEAs as electrochemical detectors of biological 
molecules, specifically when using functionalised CNTs as the electrode material.  
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Chapter 1 – Introduction 
 
The aim of this thesis is to provide evidence for the use of functionalised carbon nanotubes (CNTs) as 
an electrode material, primarily to improve the performance of microelectrode arrays (MEAs) as 
electrochemical detectors for biological samples.  
 
Understanding how the brain outputs complex behaviours, using a multitude of electrical and chemical 
signals, is still not fully understood. A wide variety of techniques, including biological sensors and 
imaging techniques, are used in an attempt to elucidate specific responses in the neural network. One 
such sensor, which is the focus of this thesis, is electrodes used for sensing electrical signals from 
biological cells or tissues. These are generally one of two types, either a singular electrode, such as a 
patch-clamp or carbon-fibre electrode, which measures a signal from one specific area. Or a device that 
has multiple individually-addressable electrodes, usually in the form of a MEA, measuring the response 
to a stimulus at multiple locations simultaneously, in a cell culture or tissue (Fig. 1.1). MEAs are devices 
that consist of a number of individually-addressable electrodes located in a specific pattern, e.g. an 8x8 
grid of 64 electrodes. The electrodes are usually between 10 µm and 100 µm in diameter, their use is 
almost exclusively by electrophysiologists who use them to measure electrical signals generated by 
excitable cells. 
 
 
Figure 1.1: (a) Image of commercial MEA, (b) optical microscopy image of mouse hippocampal slice on 
MEA, (c) output from image (b) after stimulating electrode 45. (a) Adapted from 1. (b) and (c) Adapted from 
2. 
  
These devices are able to illustrate how a signal propagates around a system in response to a stimulus 
at a given location. This is particularly useful in pharmacological research, where investigators may 
want to observe how a system responds to the application of a drug. However, electrical signals are not 
the only type of signal present in the nervous system. The brain has a number of different chemicals 
which it uses as part of the signalling process, these are called neurotransmitters. These chemicals are 
released in the nervous system when an electrical signal reaches a ‘synapse’ (Fig. 1.2). This potentially 
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means that MEAs could also be used to observe how a chemical signal, generated from neural cells or 
tissue, propagates around a system. The possibility of using MEAs to measure these electrochemical 
responses has been suggested already, with some reports in the literature investigating the feasibility of 
such an approach. As such, this thesis will focus on the electrochemical detection of dopamine, an 
important neurotransmitter in the mammalian central nervous system, using a MEA device. 
Physiologically, dopamine is associated with a number of complex behaviours including motivational 
emotional responses and movement. Pathologically, it is involved with addictive behaviours and well-
known diseases such as Parkinson’s disease. Therefore, researching how the dopamine signal 
propagates throughout a system, in addition to the effect drugs may have on this signal, could help to 
build a better understanding of these pathologies. 
 
 
Figure 1.2: Illustration of a synapse in the nervous system, where an electrical signal from the first neuron is 
converted to a chemical signal, then back into an electrical signal in the second neuron. Adapted from 3.  
 
When MEAs were first introduced the electrodes were made of noble metals, such as Pt or Au. Then, 
as electrode sizes were decreased in an attempt to measure electrical signals from individual cells, it 
was found that the interfacial impedance was too high at the small electrode areas (≤400 µm2) to 
measure electrical activity. Thus, it was found that using nanostructured materials on the electrode 
improved the interfacial impedance of smaller electrode areas to workable levels. This is because the 
nano-structuring increases the real surface area of the electrode, whilst maintaining the small geometric 
surface area needed for recording from individual cells. Consequently, a selection of MEAs are now 
commercially available which use various materials for their electrodes, these include gold, 
electroplated Pt, nanostructured TiN, and CNTs. This thesis will focus on materials that can give 
improvement gain over those in current use for commercial MEA production. This means using CNTs 
directly grown and functionalised on the device, which will be compared to state-of-the-art 
commercially available MEAs for the purpose of electrochemical detection.  
 
Intensive research into CNTs as a material first began 25 years ago. Yet they remain one of the key 
materials used in research and development today. The reason for this is a number of studies have 
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revealed the remarkable strength of CNTs, in addition to their excellent thermal and electrical 
conductivity. Observations of their considerable aspect-ratio, as well as the properties already 
mentioned, has helped to fuel their use in numerous research areas. One such area is nanobiotechnology, 
where CNTs have been developed into drug delivery vectors, incorporated into biological assays, or 
used as an integral part of biosensors. Despite these exceptional properties, CNTs are yet to be widely 
adopted in commercial products. This is likely due to inherent limitations of CNTs, particularly as a 
bio-material. The main drawback is that they are entirely insoluble in water, meaning their incorporation 
into solution-processable devices and physiological-based devices is difficult. Furthermore, 
manipulation to precisely place them is challenging at the best of times. This difficulty is manifested by 
bundling of CNTs in solution-processed devices leading to poor output, and by air pockets being 
generated at the interface between CNTs and aqueous solutions.4,5 Additionally, whilst a significant 
amount of work has been carried out on improving the control over CNT growth, it is still difficult to 
completely control CNT chirality, length, and defect density, all of which affect device characteristics 
and physiological toxicology. This point leads on to the final limitation, the potential for CNTs to 
generate a negative toxicological status in mammals due to their shape and aspect-ratio. Some studies 
have highlighted the difficulty of eliminating CNTs from biological tissues in vivo. Additionally, 
investigations into the nanotoxicology of CNTs has suggested their potential to cause cancer-like 
profiles in animals exposed to them, similar to that of asbestos fibres.6 Some of these limitations 
associated with CNTs have been circumvented, to some degree, by the implementation of CNT 
functionalisation. A wide variety of functionalisation procedures including modifying CNTs with 
proteins, oxygen functional groups, and other nanomaterials, have dramatically improved their 
biocompatibility and aqueous wetting behaviour. 
 
With all of this information in mind, this thesis aims to fabricate a complete MEA with photo-thermal 
chemical-vapour-deposition grown and functionalised CNTs as the electrode material. Chapter 2 
provides background information on CNTs and nanobiotechnology, with a particular focus on MEA 
devices in the later section. The section on CNTs as a material focuses on their properties, synthesis 
and the functionalisation techniques available, in addition to the current toxicological response to CNTs. 
A review of biosensors follows, along with an in-depth look at MEAs, both commercially available and 
those fabricated for a custom output, e.g. intracellular signal recording or electrochemical detection. 
Chapter 3 details all of the materials and methods used to fabricate and characterise the devices 
proposed in this thesis, in addition to discussing the background of certain techniques where necessary. 
 
Chapter 4, the first results chapter in this thesis, investigates the potential for oxygen plasma exposure 
to functionalise CNTs, thus modifying their wetting behaviour with aqueous solutions. As CNTs were 
grown directly on the MEA device, in an effort to maximise the real electrode surface area, a 
functionalisation technique that can be carried out and will not affect other device components was 
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needed. As such, oxygen plasma functionalisation was examined as it has been proven to modify CNTs 
behaviour to become hydrophilic, whilst causing minimal damage to other device components. The 
results demonstrated grafting of oxygen containing functional groups onto the CNT structure after only 
a few seconds of exposure, dramatically improving the aqueous wetting behaviour of the CNTs. 
Following on from these observations, Chapter 5 detailed the fabrication of a MEA with CNTs grown 
specifically on the electrode areas by photo-thermal chemical-vapour deposition. These devices were 
then exposed to oxygen plasma for a specified time according to results obtained in Chapter 4. The 
electrochemical impedance was proven to reduce considerably due to functionalisation of the CNTs, 
such that the functionalised CNT MEA recorded an order of magnitude improvement, in terms of 
interfacial impedance, compared to the state-of-the-art commercial MEA tested. After investigating the 
impedance of the fabricated functionalised CNT MEA, the electrochemical response was tested in 
Chapter 6. Again, the results revealed an improvement by using the functionalised CNT MEA compared 
to the state-of-the-art commercial MEA. This time the sensitivity for dopamine detection illustrated a 
45-times improvement by using the functionalised CNT MEA compared to the commercial MEA, in 
addition to a 115-times enhancement in the detection limit for dopamine. However, it was observed that 
the CNTs were being removed from the electrode surface over successive experiments, perhaps due to 
the weak bonding between the CNT and substrate. Consequently Chapter 7, the final results chapter, 
outlines a novel fabrication method which aims to improve the adhesion of CNTs to the substrate, whilst 
retaining the impressive impedance and electrochemical responses previously measured by the 
functionalised CNT MEA. Results indicated that the fabricated novel functionalised CNT MEA 
displayed impedance values similar to the commercial state-of-the-art MEA. Additionally, preliminary 
results for this novel functionalised CNT MEA indicate the potential to measure physiologically 
relevant concentrations of dopamine, whilst maintaining selectivity against common electrochemical 
interfering molecules. 
 
Finally, Chapter 8 concludes this thesis with a summary of the key achievements in terms of the 
technologies put forward here. A critical assessment of the suitability for CNT-based MEAs to be used 
as bio-electrochemical research tools is also undertaken, followed by ideas for possible areas of future 
research. 
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Chapter 2 - Literature Review 
2.1.   Introduction 
This chapter aims to identify and review the existing literature that is associated with, and has been used 
to shape, the current project. The first section analyses the research carried out on carbon nanotubes 
(CNTs) to date, particularly reviewing the exceptional properties and functionalisation potential that 
make them a suitable candidate material for the microelectrode array (MEA) devices proposed here. 
The second section focuses on the area of nanobiotechnology, comparing the devices and sensors that 
have been created to date, with respect to their signal output. Moreover, as the analyte of interest is a 
neurotransmitter, the physiological mode of action of neurotransmitters, in addition to the current 
techniques available to measure them, are described to ascertain the current state of technology. Finally, 
this chapter closes with detailing the industrial and academic research to date investigating the type of 
device fabricated in this project, i.e. MEAs. This final section details the extensive research effort aimed 
at improving the parameters of bio-electrical detection in this device, whilst highlighting the limited 
work conducted thus far in the field for bio-chemical sensors, the principal aim of this project. 
 
2.2.   Carbon Nanotubes 
2.2.1.   Definition 
Nanocarbons have received considerable attention from the wider scientific community, particularly 
over the last three decades since the discovery of the C60 buckminster-fullerene in 1985.7 Following the 
theoretical probability and experimental observation of the C60 fullerene was the seminal paper on CNTs 
by Iijima in 1991.8 This paper demonstrated the synthesis and observation of helical microtubules of 
carbon, a material that is now called ‘multi-wall carbon nanotubes’ (MWCNT). Interestingly, these 
MWCNT had been described and observed as early as 1952,9 yet this paper in 1991 followed by the 
observation of single-wall carbon nanotubes (SWCNT) in 1993,10,11 sparked significant interest in this 
carbon allotrope. 
 
CNTs in the form of SWCNT, can be simply defined as a seamlessly rolled-up honeycomb graphene 
sheet. In turn, graphene is determined to be a two-dimensional sheet of sp2 hybridised carbon with a 
thickness of one-atom in its purest form. The unit cell OAB’B illustrated in Figure 2.1 is a diagram of 
a graphene sheet which aids the description of a number of parameters of CNTs, which subsequently 
govern its properties. The chiral vector, denoted by 𝐶ℎ⃗⃗⃗⃗  in Figure 2.1, assigns the chirality of the 
nanotube, which determines its electrical properties.12,13 𝐶ℎ⃗⃗⃗⃗  is defined by two integers (n, m) such that 
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𝐶ℎ⃗⃗⃗⃗  = 𝑛𝑎1 + 𝑚𝑎2 allowing connection between two sites on the honeycomb lattice. This connection 
on Figure 2.1 is between O and A, therefore the integers (n, m) are equal to (4, 2). The chiral vector 
produces an angle termed the chiral angle (Θ on Fig. 2.1), this angle is used to define three different 
types of SWCNTs, zigzag nanotubes (Θ = 0ᵒ), armchair nanotubes (Θ = 30ᵒ), and chiral nanotubes 
(30ᵒ<Θ<0ᵒ). The chiral vector and chiral angle values determine the electronic properties of the CNT, 
such that all armchair geometries, in addition to when 𝑛 − 𝑚 = 3𝑥 are metallic in nature. All other 
types are semiconducting in nature and have bandgaps of up to 2 eV, these bandgaps are defined by 
tube curvature effects and tube radius.14,15 Therefore, when considering electrical devices, CNTs may 
be appealing as they can be tuned to be either semiconducting or metallic, depending on their chirality. 
This makes the range of potential applications for CNTs extremely wide, particularly with respect to 
electronic devices. 
 
 
Figure 2.1: Illustration of a honeycomb lattice single graphene sheet, which can be rolled up to form a 
single-walled carbon nanotube. Adapted from 16. 
 
In addition to SWCNT which are one single graphene sheet rolled up into a tube, there are also MWCNT 
which in essence are concentric tubes of SWCNT (Fig. 2.2). It is possible to selectively synthesise either 
of these two types of CNTs depending on the final device requirements, which will be discussed in the 
next section. Notably, it is assumed that MWCNT are always metallic in nature as one of the nanotube 
walls is statistically likely to be metallic, this adds a further option when considering their use. 
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Figure 2.2: Schematic representing single-walled carbon nanotubes (SWCNT) and multi-walled carbon 
nanotubes (MWCNT). MWCNT consist of concentric SWCNTs. Adapted from 17. 
 
2.2.2.   Synthesis 
Synthesis of CNTs falls into two broad categories, namely physical-vapour deposition (PVD) and 
chemical vapour deposition (CVD). PVD includes both the laser ablation technique and arc discharge 
method, the latter of which was used as the CNT synthesis technique in the papers by Iijima et al (1993) 
and Bethune et al (1993).10,11 These techniques involve the vapourisation of graphite material by 
physical heating to markedly high temperatures (>1000 ᵒC), following this the vapourised graphite 
condensates as carbon nanotubes.18 Using arc discharge both SWCNTs and MWCNTs can be reliably 
and reproducibly produced by varying the reaction conditions such as the gas mixture. SWCNTs 
necessitate the presence of a catalyst (e.g. Fe, Ni, Co, etc.) but MWCNTs can be produced via this 
process without a catalyst.8,19 Impurities are common and include carbon nanoparticles and metal filled 
MWCNTs, these impurities are relatively hard to remove, nonetheless these PVD methods generally 
produce high quality CNTs. 
 
CVD methods for CNT synthesis rely on the use of a catalyst, thus CNT synthesis using CVD is usually 
called catalytic CVD (CCVD). In contrast to PVD methods which use solid carbon in the form of 
graphite as the carbon source, CCVD methods use a volatile gas with high carbon content such as 
benzene, ethylene or acetylene as the carbon source.20 Simply put, the process involves the heating of 
the metallic catalyst which has been deposited on a substrate, when under the correct conditions this 
catalyst forms ‘nano-islands’ (Fig. 2.3(a)). Following this the carbon-containing gas reacts with the 
(usually) reduced metallic catalyst (typically Fe, Ni or Co) to initiate and facilitate the production of 
CNTs under a given set of conditions (Fig. 2.3(b-d)).18,21 This reaction occurs in a reactor chamber 
where a number of parameters are controlled including gas selection, gas flow rate, set temperature, and 
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set pressure. This control of parameters, similar to PVD, provides some control over the CNT output, 
such as growth rate, CNT type, and CNT quality.22,23 CNT chirality control is yet to be achieved, but 
routes in which the variations can be reduced have been discussed.23 
 
 
Figure 2.3: Schematic of the CNT (MWCNT here) growth process using chemical vapour deposition, where 
M is metal catalyst & C is carbon. (a) During the annealing stage a reduced metallic nanoparticle is formed. 
(b) When the carbon gas feedstock is introduced (C2H2 here) it is catalysed by the reduced metallic 
nanoparticle into solid graphitic carbon. (c) The process continues with graphitic carbon being deposited, 
forming a tube. (d) The process ends when the catalyst nanoparticle is ‘poisoned’ and a carbon shell covers 
the nanoparticle surface. Adapted from 14. 
 
There are advantages and disadvantages to both methods, specifically PVD produces high quality CNTs 
but at a high temperature with a low yield, it also generates a number of impurities which are difficult 
to remove, and the CNT growth cannot be patterned on a substrate such as silicon. On the other hand, 
CCVD uses much lower temperatures (<1000 ᵒC) which contributes to a lower overall quality of 
CNTs.18,24 However, CCVD provides the opportunity for a large scale process with a high yield. Most 
importantly in terms of this project, there is the potential to pattern the catalyst, thus synthesising 
vertically aligned CNTs at pre-defined locations on the substrate. 
 
2.2.3.   Properties 
Subsequent to the observation of CNTs using high-resolution transmission electron microscopy,10 many 
researchers began investigating their properties, both theoretically and experimentally. Owing to the 
structure and chemical composition of CNTs, SWCNTs in particular, some exceptional properties have 
been reported including high aspect-ratio, high conductivity, excellent mechanical properties such as a 
large Young’s Modulus, in addition to the material being relatively inert. All of these properties are 
appealing for the current project and therefore will be explained briefly below. 
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The diameter of CNTs varies, from ~0.4 nm for the thinnest SWCNTs, with the size increasing for 
MWCNTs. This nanoscale diameter, coupled with the ability to produce CNTs on the millimetre length 
scale, produces a staggeringly high aspect-ratio, with >106 reported in some papers.25 Consequently, 
this property allows for substantial increase in the surface area of a substrate with CNTs attached, 
particularly when the CNTs are CVD grown and vertically aligned. A high aspect-ratio generates a 
relatively large surface area, which in turn provides a large number of sites for functionalisation, 
meaning a large number of molecules can potentially be attached to a single nanotube, an important 
consideration for drug delivery vehicles. Additionally, the extreme high aspect-ratio means that CNTs 
can be used as a future material for vertical vias,26 in addition to an electrode material for 
electrochemical biosensors, as the increased surface area has been demonstrated to improve the signal-
to-noise ratio, amongst other parameters.27,28  
 
The electrical properties of CNTs have attracted significant attention, due to their size and structure. 
SWCNTs are considered to be one-dimensional quantum wires. This has led to the observation and 
theoretical predictions of ballistic conduction in CNTs,29,30 extremely high charge carrier mobilities 
(~106 cm2/V·s),31 and a very large current carrying capacity (>109 A/cm2).29,32 It must be noted however 
that many of the excellent electrical properties predicted for CNTs are often not reported 
experimentally. This is largely due to the presence of defects in the structure, either generated during 
the synthesis procedure or introduced purposefully via a functionalisation process. This purposeful 
functionalisation is usually to improve their wettability with aqueous solutions, even though this 
regularly produces a decrement in their electrical properties. CNTs still remain a key current and future 
material for many devices such as photovoltaics,33 supercapacitors,34,35 and biomedical sensors.36 
 
Another important intrinsic property of pristine CNTs is their mechanical strength (Young’s Modulus) 
which has been measured at 1 TPa, five times larger than steel.37 In addition to the strength of this 
material, it has been shown to be relatively elastic as well.38,39 This blend of properties has made CNTs 
an ideal material for improving the strength of established materials in a composite, such as carbon fibre 
meshes and cement.40,41 
 
Material stability, in terms of inertness in various environments, is a crucial property to be considered 
in materials used for biological applications. This is because unexpected reactions of a material with its 
environment could alter molecules, such as oxidation of proteins in a tissue environment, in turn 
producing potentially unwanted toxicological effects. In general CNTs are non-reactive to most 
chemical environments, it requires harsh conditions such as strong acids or oxidising agents to initiate 
reactions on the CNT structure.42 This behaviour means CNTs could be used as materials for biological 
applications and this property is consistent with other materials used for bio-electrodes such as Au or 
Pt. 
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2.2.4.   Functionalisation 
Modifying the CNT structure, or functionalising as it is more frequently called, is a common procedure 
when using CNTs for a number of reasons. Mainly, functionalisation is warranted for one of two 
reasons, firstly it can allow attachment of functional groups, side chains or molecules which are 
necessary for its function, e.g. attachment of a receptor protein for drug delivery. Secondly, the 
functionalisation procedure alters the wettability of the CNT to allow use in certain applications, e.g. 
introducing oxygen containing functional groups for increased wettability in aqueous solution. Broadly, 
two types of CNT functionalisation can be used to attach the desired structure to the CNT, namely non-
covalent functionalisation and covalent functionalisation. 
 
Non-covalent functionalisation commonly uses hydrophobic interactions, π-π stacking or Van der 
Waals forces, to attach or ‘wrap’ molecules around the CNT. This usually involves amphipathic 
molecules which contain a hydrophobic component which bonds with the CNT structure, in addition to 
a hydrophilic part which faces outward into the aqueous solution, making the CNTs soluble and not 
prone to aggregation. These non-covalent processes do little to no harm to the intrinsic CNT structure, 
meaning the original carbon structure remains intact, which in turn generally means the good electrical 
properties remain intact. A number of molecules, especially polymers, have been investigated for 
various applications including sodium dodecylbenzene sulphonate for general dispersions,43 also 
sodium dodecyl sulphate has been used to improve the detection of neurotransmitters in aqueous 
solutions.44 Of particular note for biosensors is the use of SWCNT wrapped with deoxyribonucleic acid 
(DNA) or ribonucleic acid (RNA) (Fig. 2.4) to improve aqueous solubility, inhibit aggregation of CNTs, 
in addition to improving biocompatibility.45,46 Thus, non-covalent functionalisation exhibits an 
exceptional advantage in that the CNT structure remains as it was prior to functionalisation. However 
the stability between the CNT and functionalising molecule continues to be a key disadvantage of this 
method. The bonding can be significantly affected by alterations to salt concentration in the solution, 
temperature, pH of the environment, as well as analyte concentration, making non-covalent 
functionalisation typically less reliable compared to covalent modification.47 This is notably important 
in biological systems where varying salt concentrations and changing pH is common. 
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Figure 2.4: Images of a RNA-functionalised CNT. (B, C) Atomic force microscopy images showing height 
and phase profile, respectively. (D) Three-dimensional representation of RNA-functionalised CNT showing 
peaks (p), valleys (v) and the distances between them. Adapted from 48. 
 
Covalent functionalisation of CNTs involves the introduction of defects in the honeycomb lattice 
structure, this is usually followed by covalent attachment of the desired molecules. These purposefully 
introduced defects are usually difficult to achieve, therefore harsh conditions are necessary such as the 
regularly used acid treatment step which involves refluxing the material in concentrated sulphuric acid 
and nitric acid at elevated temperatures. Of note is the use of plasma treatments to functionalise CNTs, 
such as oxygen plasma, which results in the grafting of the ionised gas molecules to the CNT structure. 
This method is less severe than acid treatment and has therefore been used to covalently functionalise 
CNTs which are already attached to a fabricated device.34,49 The primary reasons for using (oxygen) 
plasma functionalisation of CNTs has been to improve biocompatibility and wetting behaviour with 
aqueous solutions.50,51 This can be the final step for processing as acid-functionalised/oxygen plasma 
functionalised CNTs are highly dispersible in aqueous solutions, this means they are now solution 
processable and can be implemented into a number of devices, e.g. solar cells, electrochemical 
detectors, etc.33,52 However, for most biological applications another molecule is covalently bonded to 
the oxygen functional groups which are now attached to the CNT structure due to the acid treatment. A 
wide variety of molecules have been covalently attached to CNTs for biosensor applications, these 
include proteins such as bovine serum albumin (Fig. 2.5), enzymes such as glucose oxidase, 
biocompatible polymers such as poly(ethylene) glycol, receptors/antibodies for cancer cell 
identification, etc.28,45,53 Many enzymes have been covalently attached to CNTs for a number of 
biosensor applications, primarily because CNTs allow direct electron transfer from the enzyme to the 
electrode, in addition to providing a large surface area for attachment.54 Perhaps most common in the 
literature is the use of glucose oxidase covalent attachment to CNTs for electrochemical detection of 
glucose,55–57 where electron transfer due to oxidation of glucose is detected. Many other enzymes 
covalently attached to CNTs have been studied including tyrosinase for dopamine detection,58 
cholesterol oxidase for cholesterol detection,59 horseradish peroxidase for hydrogen peroxide 
detection,60 and acetylcholinesterase to determine its function attached to CNTs or free in solution,61 
among others. 
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Figure 2.5: Representative illustration of a SWCNT non-covalently functionalised with doxorubicin, and 
covalently functionalised to a bovine serum albumin (BSA)/fluorescein/antibody complex. Adapted from 28. 
 
The number of functionalisation methods and attached molecules in CNT research is vast, this large 
knowledge pool therefore allows appropriate selection of a functionalisation scheme which befits the 
fabrication constraints and final device/material specifications. 
 
2.2.5.   Nanomaterial Toxicology 
As the CNT based device which will be proposed here has biological applications, it seems prudent to 
discuss the toxicology of nanomaterials and thus the field of nanotoxicology. The early investigations 
and subsequent publication of results indicating increased toxicity and tissue distribution of ultrafine 
particles, compared to fine particles, instigated a surge in the field of toxicology research with regards 
to nanomaterials.62–64 
 
Since these original papers there have been thousands of publications examining the effects of various 
nanoscale materials on biological cell lines and organs. Research has indicated that nanoparticles with 
the same chemical composition, yet with different diameters, have a negative size-dependent effect on 
toxicological status, i.e. the smaller the diameter particle the more detrimental the toxicological 
response. This has been demonstrated on cell lines for silver, gold, and silica nanoparticles to name a 
few, where smaller diameter nanoparticles demonstrated a significantly increased toxicity, e.g. reduced 
cell viability.65–67 What is particularly interesting, and may be difficult for policy makers, is that such a 
small difference in size of the same material appears to have a huge impact on physiology. This is 
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exemplified by Carlson et al (2008) who reported a drop from 80% cell viability with 55 nm diameter 
silver nanoparticles of 50 µg mL-1 to ~25% with 30 nm silver nanoparticles of the same concentration.65 
In addition to toxicology, the distribution of nanoparticles has been putatively demonstrated to depend 
on nanoparticle diameter. Reports have concluded that smaller diameter nanoparticles can be distributed 
to many, if not all, organs of the body whereas larger diameter nanoparticles mainly stay in the blood, 
liver, and spleen.68 Size is the primary parameter when discussing nanotoxicology as it provided the 
initial interest in the field. However, it must be noted that other parameters such as surface area, surface 
charge, and solubility all have an influence on the toxicology of nanoparticles.69,70 
 
In terms of nanotoxicology, CNTs have received considerable attention since Donaldson et al (2006) 
observed the structural similarities between CNTs and asbestos fibres, the latter of which is 
carcinogenic in the lung when inhaled.71 Following this observation many reports attempted to 
investigate the toxicology and distribution of CNTs in vitro and in vivo using instillation and inhalation 
methods. One of the major findings is the observation of frustrated phagocytosis in alveolar 
macrophages with CNTs above a certain length using an instillation method, shown to be >20 µm,6 this 
response has toxic and carcinogenic potential. Importantly however, no study thus far has accurately 
determined the threshold length of CNT which elicit the frustrated phagocytosis response, indicating 
that the threshold may be lower than 20 µm. This frustrated phagocytosis is often accompanied by a 
pulmonary inflammatory response, which includes the formation of granulomas (Fig. 2.6), a chronic 
inflammatory condition.6,72 In addition to the observation of frustrated phagocytosis via the instillation 
method, a number of experiments have used an in vivo inhalation method to investigate the toxicology 
and distribution of CNTs. Correctly performed inhalation methods are deemed to be the most realistic 
scenario of CNT attainment in biological tissue, as aerosolised CNTs from manufacturing of CNTs or 
composite material breakage containing CNTs are a legitimate route of exposure. A number of key 
observations have been made using this method, one of the most interesting is the range of toxicological 
responses, from airway inflammation and no systemic toxicity in a 90-day study (Ma-Hock et al, 2009) 
to a 4 day study which noted interstitial fibrosis, oxidative stress and mutagenesis of pulmonary tissue 
(Shvedova et al, 2008).73,74 In addition to this wide range of toxicological responses, the issue of 
biopersistance has been noted by Mercer et al (2013), where short (5-10 µm) CNTs translocated to 
pleural tissue and extrapulmonary tissues. These CNTs maintained a persistent fibrotic response 336 
days after the 3-week exposure study, indicating the potential long-term persistence of CNTs in 
biological systems.75 A final inhalation study, which was unique in its experimental hypothesis, 
investigated the ability of CNTs to proliferate carcinogenic cells which are already present, i.e. does the 
presence of CNTs increase a carcinogenic profile.76 The results demonstrated that 90.5% of mice that 
had mutated cells already, and then were exposed to MWCNT, went on to produce lung 
adenocarcinomas. This is compared to 51.9% of MCA-exposed (produces carcinogenic cells 
purposefully) which went on to produce lung adenocarcinomas, and 26.5% of animals which were only 
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exposed to MWCNT. This piece of research highlights an interesting role CNTs may have in increasing 
an already present carcinogenic profile and the potential need for screening of workers in CNT 
manufacturing.  
 
 
Figure 2.6: Scanning electron microscopy and optical microscopy images indicating the generation of 
granulomas with longer fibres. Adapted from 6. 
 
Another concern for toxicologists is the effect of the catalyst nanoparticle on biological tissue. Nickel 
and Iron are probably the most widely used catalyst materials for CVD-growth of CNTs, where Ni 
nanoparticles would most likely be of toxicological concern. However, no reports to date have 
categorically demonstrated a negative toxicological effect determined to be from the catalyst 
nanoparticle itself, under representative environmental conditions.77 This result is most likely due to 
one of four reasons, either there is no toxicological issues associated with the nanoparticle itself, the 
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experimental design is flawed, the nanoparticle is not released from the CNT, or the adverse toxicology 
of the CNTs overshadows the biological response to the catalyst nanoparticles.  
 
Overall, there is a wealth of literature available on the subject of nanotoxicology, yet there is still a great 
deal of unknowns in terms of the response of biological tissues to nanomaterials. There are many 
reasons for this knowledge gap including, but not limited to, a lack of material characterisation and an 
experimental protocol that does not reflect real-life exposure conditions. The lack of material 
characterisation makes it difficult to ascertain reliable conclusions from results, particularly in the case 
of CNTs where parameters such as material length, diameter, and surface functionalisation may 
potentially have a dramatic effect on toxicology. Many experimental protocols investigating CNT 
toxicology use high concentrations of CNTs which are not applicable to real world situations of 
inhalation. Therefore, many studies have demonstrated adverse pathologies such as fibrosis and 
mutagenesis using aerosolised CNTs at concentrations of ≥2.5 mg/m3 (Shedova 2008, Ma-Hock et al 
2009, Mercer et al 2013).73,74,78 In contrast, Erdely et al (2013) made personal breathing zone 
measurements of workers in MWCNT manufacturers and extrapolated these measurements to reveal an 
exposure equivalent of 2 ng/day in mice, a number far lower than other experiments have been using.79 
Following this extrapolation mice were exposed to 19.7 ng/day and the authors found that at this 
exposure only a low-grade inflammatory response was noted, indicating a substantial number of years 
of exposure would be needed to generate adverse pathology. Overloading is another common problem 
with nanotoxicology reports, where the amount of material exceeds a threshold such that the 
macrophages cannot clear the resulting material. This leads to non-specific immune responses which 
then do not reflect the toxicity of the material, only the abundance of it.70 
 
The majority of the toxicology reports for CNTs either focus on the response of lung tissue(s) to 
inhalation of CNTs or the response of cultured cell lines to introduced CNTs via the instillation method. 
However, the results from these experiments, whilst important in their own right, have minimal impact 
in terms of this study. Primarily, this is because the CNTs will be bound to a device which would 
primarily be used for research purposes. On the other hand, if an implantable MEA device with CNT 
electrodes was constructed, this stance may have to be re-evaluated. 
 
2.3.   Nanotechnology & Biological Detection 
Nanobiotechnology is an ever expanding field which in itself defines the juncture between 
nanotechnology and biology. Nanoscale materials and devices have been researched, and in some cases 
used in commercial or industrial products, for numerous biological applications, e.g. TiO2 nanoparticles 
in sun-cream. At the nanoscale many materials exhibit interesting properties, these can have beneficial 
effects in a biological context such as reduced invasiveness, improved biocompatibility, and enhanced 
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sensitivity. These properties are attractive for many biological applications such as drug delivery, 
sensing, and implantable/wearable technology.   
 
The quantity of research into biosensors and bio-devices is immense, such that industrial and academic 
research on the subject is continuous and intense, aiming to provide improved detection parameters and 
enhanced function of devices for alleviating pathological symptoms. These detection parameters for 
biosensors include sensitivity, selectivity and response time, all of which aid clinicians and researchers 
in the certainty of their diagnosis. Bio-device development focuses on improved biocompatibility, 
reduced invasiveness of the device, and better sensitivity for devices. These devices include implantable 
technology such as deep-brain stimulation electrodes for easing of Parkinson’s disease symptoms, e.g. 
tremors. 
 
In general, nano-biosensors which have been fabricated over the last two decades incorporate three 
main components (Fig. 2.7).  
1. A nanoscale material which usually provides an enhanced sensitivity compared to 
conventional materials.  
2. A target, usually biological in nature, which is bound to the nanomaterial and provides 
selectivity.  
3. A detectable, quantifiable signal which occurs when the target is incorporated into the nano-
biosensor. 
 
Figure 2.7: Overview of the main components of a nano-biosensor. 
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The molecule of interest determines the composition of the nano-biosensor and the choice of signal 
output. Typically, an optical signal has been chosen for determination of DNA, RNA, or proteins, and 
an electrochemical signal has been preferred for small biomolecules, i.e. neurotransmitters. For optical 
detection of DNA or RNA sequences a number of different nanomaterials and targets have been 
combined to provide excellent sensitivity and selectivity.  
 
2.3.1.   Optical Based Biosensors 
Gold nanoparticles (AuNPs) have received considerable attention in many areas of science including 
biological detection. Their interesting properties include local surface plasmon resonance, fluorescence 
quenching, ability for functionalisation (particularly thiol bonds) and perceived biocompatibility, which 
have then facilitated various sensor types to be fabricated.80–83 One of the breakthrough tests with 
AuNPs was investigating hybridisation of oligonucleotides with a colourmetric detection system.84 This 
system used the size dependent absorption spectra of AuNPs, and their propensity to aggregate in 
solution due to Van der Waals forces etc. The researchers functionalised the AuNPs with 
oligonucleotides up to 28 bases long, after which the electrostatic repulsion due to the charge on the 
oligonucleotides was ample to keep the nanoparticles dispersed. However, hybridisation due to addition 
of the complementary oligonucleotide removed this charge and caused the AuNPs to aggregate (Fig. 
2.8(a)). This aggregation was observed as a colour shift from red to blue as being spotted on thin-layer 
chromatography paper. Although early days, this study reported detection limits of femtomoles of 
oligonucleotide with a single-base pair discrimination (most likely due to the small number of bases). 
This is called crosslinking aggregation, the Mirkin group have since used similar detection mechanisms 
and magnetic-based separation techniques to reach fM and aM detection limits for proteins.85,86  
 
 
Figure 2.8: Schematic illustrating colourmetric methods associated with AuNPs. (a) Crosslinking 
aggregation and (b) non-crosslinking aggregation. Adapted from 87. 
 
Non-crosslinking aggregation is another technique available with AuNPs. When the AuNPs are 
wrapped in a citrate layer, they stayed dispersed until high salt concentrations diminish the electrostatic 
repulsion and they aggregate. ssDNA bonds to the AuNP capped with citrate quite readily, again aiding 
dispersion. However, when the cDNA is added and the DNA hybridises, at the correct salt concentration 
the ssDNA dissociates from the AuNPs which causes aggregation (Fig. 2.8(b)). This causes a change 
in the optical properties which is quantitatively measureable by UV-Vis spectroscopy.88 Variations of 
(a) (b)
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this main method have been used for biological detection including HIV-1 ribonuclease activity,89 and 
telomerase which is overexpressed in breast cancer cells.87  
 
AuNPs intrinsic ability to quench fluorescence, i.e. stop fluorescent molecules emitting, has also been 
used to good effect. AuNPs are conjugated with a molecule capable of fluorescence, whilst this 
molecule stays tightly bound to the AuNP no fluorescence will occur. When the biomolecule of interest 
interacts with the fluorescent molecule it liberates it from the AuNP surface, consequently the molecule 
begins to fluoresce. This method has produced in vivo results with a near infra-red (NIR) fluorescent 
molecule attached to a AuNP with iron(III) oxide NPs also attached.90 Matrix metalloproteinases 
(MMP) are highly expressed in tumours, therefore the probe was engineered so that MMP would cleave 
a bond attaching the AuNP to the fluorescent molecule. The experiment was successful as the tumour 
was located, yet there was high NIR fluorescence in the liver and spleen also, indicating some non-
specificity. It is unlikely that this technique could surpass MRI in terms of detection sensitivity, however 
the cost would most likely be significantly reduced. Local surface plasmon resonance is also a technique 
in which AuNPs are being used. Its use has become commercially available with the Lamdagen 
LightPath System™ which uses silica nanoparticles, coated with gold, as the material which produces 
resonance peaks. This system has a plasmonic enzyme-linked immunosorbent assay which allows fM 
detection limits of the specified antigen. This technique is label-free as the detection relies on a resonant 
peak due to the AuNP, which is an improvement over many of the current detection systems which rely 
on staining or fluorescent dyes. 
 
Graphene and graphene oxide (GO) have many properties which are of significant interest to the 
scientific community, particularly in terms of device or probe design. As with AuNPs, GO is also able 
to quench fluorescence. It has been called a ‘super-quencher’ due to its ability to quench fluorescent 
molecules which are up to 50 nm from its surface.91 This is due to strong interactions usually promoted 
by π-π stacking of the corresponding molecular orbitals with the graphene sheet due to the presence of 
aromatic rings. Additionally, GO has been reported to have significant fluorescent capabilities from the 
UV to the NIR region, potentially allowing tuneable responses.92 In the first instance, fluorescent 
molecules can bind to the GO due to strong interactions (π-π, electrostatic etc.) and thus the GO 
quenches fluorescence. Then the target molecule facilitates a change in that bonding, e.g. DNA 
hybridisation or conformational changes due to antibody-antigen binding, and the fluorescence is 
recovered. This was demonstrated using cyclin-A2, an early stage cancer biomarker, which was 
detected down to 0.5 nM by the GO-FRET (fluorescence energy transfer) technique.93 Other research 
has shown the ability for this method to be used in vivo for recording intracellular fluorescence.94 
Although the concentration of adenosine tri-phosphate could only be measured on the mM scale in the 
experiment, the method was successful in situ with no apparent cytotoxicity. Moreover, the aptamer 
probe used on the GO nanosheet in this study was not cleaved by intracellular enzymes as may be 
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expected. This is in line with previous research which demonstrates ssDNA adsorbed onto graphene 
sheets was protected against enzymatic cleavage by DNase I.95 Strong molecular interactions between 
the flexible ssDNA (compared to dsDNA) and the GO appeared to inhibit the DNase I from approaching 
the attached ssDNA. GO can also be used as the fluorescent element in the design of a biosensor. For 
instance, groups have taken advantage of using AuNPs as the fluorescent quencher and GO itself as the 
fluorescent molecule.96 In this report the researchers reported relatively sensitive detection of rotavirus 
down to 1000 pfu mL-1 using a fluorescence emission at 547 nm. However, due to GO fluorescence in 
the NIR this could potentially be altered for in vivo detection. Finally, carboxyl-modified GO (GO-
COOH) also shows peroxidase-like activity, i.e. it can oxidise tetramethyl-benzidine in the presence of 
H2O2, in addition to converting H2O2 itself.97 Conventionally, this is a step in the ELISA technique 
performed by horseradish-peroxidase for the detection of various antigens. Additionally, peroxidase is 
one of the enzymes used in many glucose sensors. There are many advantages to GO-COOH instead of 
H2O2, namely it is stable against biodegradation and denaturation and it is easy to obtain. However, its 
lack of intrinsic activity at pH 7.0 may be an issue when incorporating it into testing kits.87 
 
 
Figure 2.9: Detection mechanism using peroxidase-like activity of oxidised SWCNTs. Adapted from 47. 
 
Optical detection of nucleic acids with CNTs is a limited field, particularly in comparison to metallic 
nanoparticles and graphene/GO. However, carboxylate functionalised SWCNTs have proven 
peroxidase-like activity, similar to GO.47 This was used to detect single-nucleotide polymorphisms via 
a salt-induced aggregation mechanism. ssDNA non-covalently wraps SWCNTs tightly due to π-π 
stacking of aromatic rings, however dsDNA is more rigid and does not prevent salt-induced aggregation 
of SWNTs (Fig. 2.9). Thus, ssDNA wrapped SWCNTs were introduced to either their complementary 
DNA (cDNA), which would cause complete DNA hybridisation, or they were introduced to ssDNA 
with a one base-pair mismatch (M-DNA). After this the solutions were precipitated and tested with 
tetramethyl-benzidine and H2O2. The cDNA addition would cause SWCNTs to precipitate out and thus 
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would produce a stronger absorbance, compared to the SWCNTs still wrapped in ssDNA which would 
be well dispersed. This detection was reliable down to 1 nM which is the threshold for expected DNA 
and RNA detection limits.98 
 
Currently, optical based biosensors are used for the determination of larger biological molecules such 
as DNA, RNA, proteins and glycoproteins, as demonstrated by this short review of the literature. When 
investigating smaller biomolecules such as hormones and neurotransmitters, an electrochemical based 
detection mechanism is favoured in the literature, which will subsequently be discussed in more detail 
due to its applicability to the current project. 
 
2.3.2.   Electrochemical Based Biosensors 
Electrochemical based biosensors are primarily used for the detection of relatively small biomolecules 
and analytes such as hormones, amino acids, and neurotransmitters. Some electrochemical-based 
biosensors have shown promise in the detection of DNA/RNA fragments via electrochemical 
impedance spectroscopy (EIS),99–102 yet these are still a minority compared to the detection of small 
biomolecules. Here, the focus is on neurotransmitters where electrochemical sensors have proved 
excellent research tools already, but much improvement can be made to these devices to significantly 
enhance the knowledge pool on neurotransmitter determination and action. Neurotransmitters are 
biomolecules which are released from neurons and specifically bind to receptors located on an adjacent 
neuronal membrane. They are essential in the complex transfer of signals, and therefore information, 
across the entire neural network but most importantly in the brain. Their ability to be either excitatory 
or inhibitory depending on the neurotransmitter, in addition to amplifying and integrating signals, 
means extremely complex information can be transported across the network.103 Briefly, the mode of 
action is illustrated in Figure 2.10, it begins with an electrical signal in the form of a depolarised 
membrane arriving at the axon terminal of the presynaptic neuron. This signal triggers the attachment 
of vesicles containing discrete amounts of neurotransmitters to the axon terminal membrane, following 
this the neurotransmitters are released into the synaptic cleft (also called synaptic space). The 
neurotransmitter molecules diffuse across the synaptic cleft, where other molecules and ions reside such 
as ascorbic acid and Na+/Cl-, and bind to their respective receptors on the membrane of the postsynaptic 
neuron. This complementary binding, usually to receptors operating ion channels, causes the channels 
to open and Na+ located in the extracellular space to diffuse into the postsynaptic neuron. The response 
of the postsynaptic neuron is complex and is dependent on the neurotransmitter released from the 
presynaptic neuron. These electrical and chemical signals can be measured using electrophysiology and 
electrochemistry set-ups, respectively. The subsequent section will focus on the sensing and 
determination of the chemical signals generated by neurotransmitters, in particular dopamine which is 
physiologically involved in complex functions such as movement and emotion. Imbalance in the 
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dopaminergic systems in the brain are also a topic of interest as a chronic reduction in the release of 
dopamine in the nigrostriatal pathway can lead to Parkinson’s Disease.104 
 
 
Figure 2.10: Illustration of synaptic transmission event, including the arrival of an electrical signal to the 
presynaptic terminal, the release of chemical neurotransmitters into the synaptic space, and binding of these 
chemicals to receptors on the postsynaptic neuron. Adapted from 105. 
 
The increasingly wide availability of nanomaterials has led to their application in electrodes in 
electrochemical set-ups designed for the detection of neurotransmitters, with the aim of improving the 
sensitivity and/or selectivity of detection. The primary methodology in this area of research focuses on 
modifying existing electrodes, such as glassy carbon electrodes, with nanomaterials to elicit signal 
enhancement. One such nanomaterial is CNTs, with a simple drop-casting method onto pre-existing 
electrodes demonstrating a superior response to dopamine compared to the unmodified electrode.106–108 
This superior response was proven by an increase in the sensitivity (Amperes per analyte concentration), 
an improvement in the limit of detection down to 11 nM for one type of CNT electrode,107 and a decrease 
in the peak potential difference of the anodic and cathodic current peaks indicating an enhancement in 
electrochemical reversibility. In all cases the CNTs were acid functionalised which enabled a good 
dispersion and thus drop-casting, this is due to the production of oxygen functional groups on the CNT 
structure which improves aqueous wetting. 
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Figure 2.11: Illustration of a graphene oxide sheet on a glassy carbon electrode, where the dopamine (DA) is 
electrostatically attracted and the ascorbic acid (AA) is electrostatically repelled. Adapted from 109. 
 
The presence of the oxygen functional groups also generates a net negative charge on the CNT structure, 
this can provide electrostatic interactions between the electrode and charged molecules, potentially 
allowing some selectivity. This electrostatic interaction is the likely reason for the selective 
determination of dopamine in the presence of ascorbic acid that has been reported by these experiments. 
Figure 2.11 demonstrates the discrimination between dopamine and ascorbic acid, which is due to 
electrostatic interactions of the electrode and analytes, where the negative charge on the electrodes 
attracts dopamine but repels ascorbic acid. Moreover, one report managed to convincingly separate four 
important biological analytes in the form of ascorbic acid, dopamine, uric acid and serotonin (Fig. 2.12), 
using a glassy carbon electrode modified with MWCNT-dihexadecyl hydrogen phosphate. This report 
demonstrates selectivity without the need for a target as part of the nano-biosensor, such as those used 
as part of the optical nano-biosensors (Fig. 2.7).  
 
CNTs can also be grown onto existing electrodes via a CVD method, as demonstrated by Zheng et al 
(2008).44 In this report the CNTs were then non-covalently functionalised by wrapping of sodium-
dodecyl sulphate (a negatively charged polymer) around the CNT structure. This allowed selective 
detection of dopamine in the presence of ascorbic acid determined by a peak potential separation of 200 
mV between analytes using differential pulse voltammetry. This electrode also displayed a limit of 
detection of 3.75 µM, it must be noted that this detection limit is substantially higher than that observed 
by drop-casting of acid-functionalised CNTs. 
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Figure 2.12: Differential pulse voltammetry response of a MWCNT-dihexadecyl hydrogen phosphate 
modified electrode to four different analytes, ascorbic acid (AA), dopamine (DA), uric acid (UA), and 
serotonin (5-HT). Adapted from 107. 
 
Graphene oxide (GO), in addition to its reduced form (rGO), are also prime examples of nanomaterials 
which have been demonstrated to improve analyte detection, particularly dopamine. Gao et al (2013) 
stated that the oxygen containing functional groups present on the GO can provide selectivity when 
measuring dopamine, in the presence of ascorbic acid, in the same way as acid-functionalised CNTs 
(Fig. 2.11). This discrimination was not possible with an unmodified glassy carbon electrode which is 
a common electrode currently used for these measurements. In addition to this, a limit of detection for 
dopamine was measured to be 270 nM for this electrode in a buffer solution of pH 5.0. The use of rGO, 
a material which re-captures some of the sp2 C=C hybridisation and expends oxygen functionality in 
return, has also revealed exceptional promise for the selective detection of dopamine.110,111 This material 
has proven to be stable in solution, conductive, have a large electrochemical window, and be highly 
electrochemically active which has led to detection limits of 20 nM for dopamine in the presence of 
ascorbic acid and uric acid of higher concentration. Moreover, a peak potential difference of 10 mV for 
dopamine indicates ideally reversible electrochemistry at the electrode surface.110  
 
In addition to these carbon nanomaterials being used solely as the electrode nanomaterial, they can also 
perform as a conductive, stable support for other nanomaterials such as metallic and metal oxide 
nanoparticles. The bonding of copper nanoparticles to the MWCNT/glassy carbon electrode revealed 
an increased sensitivity to dopamine compared to the MWCNT/glassy carbon electrode alone, most 
likely due to the increased electrochemically active surface area.112 Metal oxide nanoparticles, namely 
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RuO2 and ZrO2, have been deposited or synthesised on glassy carbon electrodes already modified with 
acid-functionalised CNT or rGO supports, producing excellent electrochemical detection of 
dopamine.113,114 Anodic and cathodic currents increased for both electrodes compared to the carbon 
nanomaterial alone, moreover both electrodes were able to distinguish between dopamine and its 
common electrochemical interferents ascorbic acid and uric acid with high accuracy. Finally, the limit 
of detection for dopamine of both electrodes was impressive with RuO2 electrode reaching 100 nM and 
the ZrO2 electrode was slightly better at 60 nM. 
 
The use of electrostatic interactions has been proven to allow selective detection of dopamine in the 
presence of common electrochemical interferents such as ascorbic acid and uric acid. Other methods 
can also be used to provide selectivity, in particular the use of molecularly-imprinted polymers (MIPs) 
or enzymes as part of the nano-biosensor, similar to the optical-based biosensors in Section 2.3.1.  MIPs 
are synthetically produced materials which are designed to be selective based on conformation and 
surface charge. Figure 2.13(a) demonstrates how a MIP specific for dopamine has been fabricated on a 
gold electrode, using an electropolymerisation method in the presence of the dopamine biomolecule. 
Figure 2.13(b) then provides evidence of its selectivity, with 15 µM of each analyte (dopamine, ascorbic 
acid, and uric acid) measured at the unmodified gold electrode, a non-imprinted polymer, and a 
molecularly imprinted polymer. The selectivity of the MIP, in addition to the dopamine peak current at 
15 µM, is far higher than for the non-imprinted polymer and the unmodified gold electrode.115 
Additionally, there is some selectivity observed with the non-imprinted polymer, this is due to 
negatively charged functional groups on the polymer electrostatically attracting dopamine and repelling 
uric acid/ascorbic acid. However, the decreased peak current at the unmodified gold electrode has not 
been satisfactorily explained, as the gold electrode would have a much larger electrochemically active 
surface area, yet it produces roughly four times less current than the MIP modified electrode. Finally, a 
detection limit of 130 nM was determined by using this MIP electrode, yet this value was improved 
upon by a group which incorporated graphene into a MIP electrode for dopamine based on chitosan as 
the polymer.116 The incorporation of graphene vastly improved the electrochemical properties of the 
electrode, including peak current and peak potential difference, furthermore the electrode revealed a 
theoretical limit of detection of 10 pM for dopamine. This detection limit is below that which is 
necessary for basal dopamine release detection at neuronal synapses and, if found to be reliable, could 
be incorporated as a detector in various analytical systems.117 In addition to the excellent detection limit, 
the selectivity against common electrochemical interferents such as uric acid, ascorbic acid, and creatine 
demonstrated near 100% selectivity. Interestingly, this near perfect selectivity was also reported against 
noradrenaline, a neurotransmitter which only differs in chemical structure from dopamine by a single 
hydroxyl group. This result was not supported by the associated differential pulse voltammogram for 
noradrenaline and dopamine in the same solution, unlike the other interferents, therefore it is difficult 
to comment on the validity of this result.  
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Figure 2.13: (a) Fabrication procedure to produce a molecularly-imprinted polymer (MIP). (b) Response, in 
terms of peak current, of MIP, non-imprinted polymer (NIP), and Au electrode to 15 µM of dopamine (DA), 
ascorbic acid (AA), and uric acid (UA). Adapted from 115. 
 
Along with synthetically produced materials which have been used to provide selectivity, enzymes have 
also been incorporated into electrodes for the detection of dopamine. One such report investigated the 
use of laccase for a sequential reaction which involved dopamine as the starting biomolecule and 5,6-
dihydroxyindoline quinone as the final product, where one dopamine molecule would react to 
eventually produce one 5,6-dihydroxyindoline quinone molecule.118 The 5,6-dihydroxyindoline 
quinone was then electrochemically reduced at a potential of -0.15 V, meaning there is no interference 
from ascorbic acid or dopamine redox reactions which occur at higher potentials. This system generated 
a detection limit of 400 nM, in addition to providing good selectivity against ascorbic acid. A different 
electrode system which consisted of tyrosinase bound to a carbon fibre electrode via chitosan, in 
addition to CeO2/TiO2 nanoparticles being bound to the electrode, was used for dopamine detection.58 
This system used tyrosinase to convert dopamine to o-dopaquinone, subsequently the o-dopaquinone is 
measured electrochemically at -0.15 V which removes interference from other biomolecules such as 
(a)
(b)
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ascorbic acid, DOPAC, uric acid, and crucially noradrenaline which is a difficult signal to separate 
electrochemically from dopamine. This electrode system reported a limit of detection of 1 nM, in 
addition to being used in vivo to measure dopamine released from the striatum. However, both studies 
demonstrated a common problem associated with enzyme-based electrodes, namely the poor stability 
and reproducibility over time as the enzyme degrades. With a 10% reduction in sensitivity only one 
week after initial fabrication and use, the repeatability of using such an electrode over time is called 
into question. 
 
These reports illustrate the on-going research into improving the sensitivity and selectivity of 
neurotransmitter detection, particularly dopamine, which is the focus of this work. The next section will 
review the current techniques used for neurotransmitter detection, both ex situ and in vivo, including 
their advantages and limitations, thus highlighting the need for this ongoing research into improving 
biosensors. 
 
2.3.3.   Current Techniques for Neurotransmitter Detection 
Measuring the concentration of neurotransmitters is important, in terms of both physiology and 
responses to abnormal environments. A prime example which has been briefly described is dopamine, 
which is the biomolecule/neurotransmitter of interest for detection using the fabricated devices here. 
Dopamine is a catecholamine neurotransmitter that is stored and released in certain areas of the brain, 
such as the ventral tegmental area, to modulate complex functions such as emotion and movement. 
Understanding how, when, and the concentration of dopamine released will help elucidate its role in 
physiology. This information can likely allow researchers to understand what happens to dopamine 
release in abnormal circumstances, e.g. upon addition of cocaine, or in Parkinson’s disease (or 
Parkinson’s-like symptoms).  
 
Detection of neurotransmitters, such as dopamine, is usually carried out by one of two known methods. 
One of the methods involves a combination of microdialysis and high-performance liquid 
chromatography (HPLC). Microdialysis put simply is the insertion of a tube with a permeable 
membrane into a tissue of interest. This permeable membrane allows passage of low molecular-weight 
molecules between the surrounding tissue and the tube (Fig. 2.14), meaning this tissue can be ‘sampled’ 
and tested at a later time point.119  
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Figure 2.14: Representation of microdialysis placement and use. (a) Schematic of how a cannula with the 
microdialysis probe inside can be inserted into a region of interest. (b) Schematic of how analytes of interest 
diffuse from the tissues, around blood vessels (V), into the microdialysis probe.  Adapted from 119. 
 
This post-microdialysis testing can be performed using HPLC, chromatography in general is a technique 
of separating molecules based on physical or chemical differences between them. Here we focus on 
HPLC which is commonly used to separate biomolecules such as dopamine, serotonin, DOPAC, 
noradrenaline etc. The process involves pumping a liquid sample, supported by a solvent (mobile phase) 
through a HPLC column (stationary phase). The sample interaction with the mobile and stationary 
phases determines the elution time (time taken for sample to go from injection point to the detector). 
This elution time is then compared to previously determined standards to ascertain what the biomolecule 
is (Fig. 2.15). Additionally, the response at the detector allows quantification of the biomolecule(s), this 
detector may be optical, electrical or electrochemical in nature.  
 
In the case of measuring dopamine, the system is reverse-phase partition chromatography where the 
stationary phase is non-polar and the mobile phase is polar. When the dopamine elutes its concentration 
is usually measured electrochemically at the detector stage. A working electrode is held constant, at a 
potential difference high enough to completely oxidise all biomolecules of interest that may elute. The 
current produced is then compared to a standard plot produced beforehand to work out the 
concentration.120 
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Figure 2.15: Representation of a high-performance liquid chromatography (HPLC) set-up indicating how 
the sample is injected into the solvent phase just prior to the HPLC column. The sample interaction with the 
solvent (mobile phase) and column (stationary phase) determines the elution time. The eluted samples are 
measured by a detector after the HPLC column. Adapted from 121. 
 
The other popular method involves implantation of a microelectrode into the tissue area of interest, 
followed by an electrochemical detection technique. Commonly this is a carbon fibre microelectrode 
(Fig. 2.16) which can be as narrow as 5 µm diameter at the tip, with fast-scan cyclic voltammetry 
(FSCV) deployed as the electrochemical detection technique. The microelectrode is fabricated by 
pulling a carbon fibre through thin glass tubing so that the end of the fibre protrudes from the end of 
the glass tube, the space between the carbon fibre and the glass tube is then sealed with epoxy. 
Following fabrication the microelectrode can be used to probe brain areas of interest either in vivo or in 
vitro and measure responses by FSCV. This method generates a large background charging current 
which needs to be subtracted in order to reveal the faradaic current produced from the oxidation of the 
analyte of interest. The technique can provide measurements on the millisecond timescale making it 
appropriate for real-time measurements of neurotransmitter release. The majority of experiments thus 
far have focused on the measurement of dopamine concentration fluctuations, as parameters including 
applied waveform and potential window have been optimised for this.122 However, recently the number 
of analytes being detected has increased to include adenosine, serotonin, and norepinephrine among 
others.117,119,123,124  
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Figure 2.16: Scanning electron microscopy image of a carbon fibre microelectrode. Adapted from 125. 
 
These two predominant techniques can be described as complimentary, such that the disadvantages of 
one technique are an advantage of the other. Namely, one of the main disadvantages of microdialysis 
(+HPLC) is the time resolution which is limited to ≥1 minute.119 However, the use of a carbon fibre 
microelectrode with FSCV means real-time measurements can be recorded every 10 ms to 100 ms.126 
The other main disadvantage is the tissue damage caused by the invasive nature of the microdialysis 
probe, mainly due to its relatively large diameter. This problem is not so apparent with the carbon fibre 
microelectrode as the diameter of the electrode is substantially smaller, thus causing less tissue 
damage.122 
 
The use of the carbon fibre electrode and FSCV does have some disadvantages which are primarily due 
to the use of the electrochemical detection technique. Specifically, this technique cannot measure non-
electroactive substances, the detection limit for these electroactive substances is not sufficient to 
measure basal neurotransmitter dynamics, and only one analyte can be sampled at a time as the set-up 
(waveforms etc.) are optimised for a specific analyte, e.g. dopamine. As the detection with microdialysis 
plus HPLC is dependent on the type of detector used for quantification of the elutent, all of the stated 
disadvantages of voltammetry can be circumvented by microdialysis plus HPLC.  
 
Yet, there is currently one limitation with using both of these techniques for biochemical detection in 
neural tissue, this is the inability to measure the biochemical response from multiple locations 
simultaneously. This limitation can be overcome by the use of multiple electrodes at defined locations. 
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MEAs are devices which have the capability of measuring responses from multiple locations at the 
same time, as such they will be discussed next in more detail with regards to the current project. 
 
2.3.4.   Microelectrode Arrays (MEAs) 
MEAs are devices that contain a number of individually addressable electrodes, which consequently 
allows complex spatial information to be attained. These devices are currently a key tool for 
electrophysiologists, these specialists use this device to record bioelectrical responses of either 
myocardial or neuronal cells in a variety of biological environments (in vivo, in situ, in vitro). The 
electrodes used in these devices were described and defined for use in recording electrophysiological 
responses in biological cells in the late 1960’s, in an attempt to consolidate the then current knowledge 
base.127 The issue of electrode interfacial impedance was discussed in that report, it is well known that 
electrode interfacial impedance increases as the surface area of the electrode decreases, this made 
recording the small currents generated from single cells challenging using traditional noble metal (Au 
or Pt) electrodes. This issue was somewhat resolved in the mid-1990’s, such that MEAs became 
commercially available with an electrode diameter of 30 µm, allowing single-cell measurements of 
some cell types due to its relatively small electrode area (Multi Channel Systems MCS GmbH). These 
electrodes used nanostructured TiN as the electrode material, the nanostructure meant that the geometric 
surface area of the electrode could remain small, yet the real surface area of the electrode was much 
larger which in turn kept the impedance at workable levels. Other commercially available MEAs have 
been produced by taking on the concept of using nanomaterials to reduce electrode interfacial 
impedance, these include both Pt black (Alpha MED Scientific Inc.) and CNT-PEDOT (poly(3,4-
ethylenedioxythiophene)) composite (Multi Channel Systems MCS GmbH). Action potentials in 
neurons last roughly one millisecond, therefore the modular impedance (|Z|) of the electrode at 1 kHz 
is used as a standard measurement to compare the electrodes ability to record from neuronal cells, a 
comparison of commercially available electrodes is made in Table 2.1. 
 
Diameter 
(µm) 
Interelectrode 
Distance  
(µm) 
No. of 
electrodes 
Material 
Impedance 
@ 1 kHz  
(kΩ) 
Company 
20 100 ≤64 Pt Black <40 
Alpha MED 
Scientific Inc. 
50 100/300/450 ≤64 Pt Black <22 
Alpha MED 
Scientific Inc. 
10 100/200 ≤60 TiN 250 – 400 
Multichannel 
Systems 
30 200 ≤60 TiN 30 – 50 
Multichannel 
Systems 
30 200 ≤60 PEDOT-CNT 20 
Multichannel 
Systems 
Table 2.1: Overview of the commercially available microelectrode arrays for electrophysiological detection. 
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2.3.4.1.   Electrode Theory 
Prior to discussion of MEAs that have been fabricated in a research environment as well as 
commercially, it is important to describe some of the theory that drives the modification and alteration 
of these devices. Ideally, an electrode used for the application of electrophysiological and 
electrochemical sensing needs a small enough surface area to measure signals from a single cell. 
Commonly for these types of measurements an electrode, usually planar metal in nature, is placed into 
solution. Charges on the metal electrode attract the opposite charges in solution, with a space-charge 
region between them, this sets up what is known as the electrolytic double layer.128 The electrode is also 
at this point, in terms of a circuit, a parallel resistor-capacitor (RC component) in series with the solution 
(Fig. 2.17). 
 
 
Figure 2.17: Equivalent circuit model for planar metal electrode in solution indicating a single time constant. 
Cdl is the double layer capacitance of the electrode, Rs is the series resistance of the solution, Re is the 
resistance of the electrode. 
 
If an AC potential is applied between this electrode and another electrode in solution then the interfacial 
impedance of an electrode can be measured. Here, the lowest interfacial impedance possible at a given 
electrode area is preferred, this is because the signals from biological cells are notoriously minute. 
Currently, planar metal electrodes of 400 µm2 for example, a common electrode area for single cell 
measurements, produce very high impedances which do not allow direct biological measurements.27 
Phase responses indicate that they act purely as a capacitor over a wide frequency range with a large 
double layer.27,129 When the electrodes are roughened, or nanomaterials are used, the real surface area 
of the electrode increases whilst the geometric surface area remains the same. This increase in area 
reduces the reactance by altering the phase to become more resistive, as well as ‘spreading’ the double 
layer and reducing its thickness (see Eq. 2.1), which in turn has a hand in reducing the electrode 
interfacial impedance, as has been demonstrated many times previously.27,129–131 Thus, an increased 
surface area is advantageous for reducing the interfacial impedance of electrodes. 
 
 𝐶 =
𝜀𝑟𝜀0𝐴
𝑑
 Eq. 2.1 
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C is capacitance (double layer), ɛr is dielectric permittivity of the material, ɛ0 is dielectric permittivity 
of air, A is area (electrode area), and d is the thickness of the insulator between the two conductors. 
 
Increasing the real surface area of the electrode is also advantageous as it can improve the sensitivity of 
detection of analytes in solution, e.g. dopamine. As can be observed, the current through the electrode 
scales proportionally with real surface area (Cottrell equation – Eq. 2.2), as more electrons cross the 
interface between the solid electrode and ionic solution per time period. Moreover, the signal-to-noise 
ratio in electrochemical detection usually refers to the faradaic current compared to the non-faradaic 
(charging) current. This is the ratio of electrons being transferred from the ions in solution to the 
conduction band of the metal electrode, compared to the discharge of the double layer at the electrode-
electrolyte interface. As discussed previously increased surface area due to roughening of the electrode 
or the use of nanomaterials increases the real surface area, while maintaining a small geometric surface 
area. This in turn causes spreading of the double layer as well as increasing the faradaic current through 
the electrode, thus improving the signal-to-noise ratio in electrochemical detection. This improvement 
of signal-to-noise is key when attempting to measure biomolecules accurately due to their low 
physiological concentration, which is between µM and pM. 
 
 𝑖 =
𝑛𝐹𝐴𝐷
1
2⁄ 𝐶∗
(𝜋𝑡)
1
2⁄
 Eq. 2.2 
 
i is current, n is number of electrons transferred, F is Faradays constant (96 487 C mol-1), D is 
diffusion coefficient of analyte, C* is bulk concentration of analyte, t is time. 
 
Finally, the polarisable range of an electrode is an important characteristic to consider. This process 
begins with submerging the electrode in an ‘inert’ solution where ions have a large decomposition 
potential. When a potential is applied to the electrode a double layer forms, this makes the electrode 
‘polarised’, the potential is then increased to a threshold where the ions decompose and charge flows 
between the ionic solution and the electrode.128 This potential range when the electrode is polarisable is 
known as the ‘potential window’ for an electrode. As some molecules, such as nucleotide bases, have 
a high oxidation potential then a large potential window is beneficial in electrochemical detection using 
electrodes.132 
 
2.3.4.2.   Electrode Materials 
A number of reports have attempted to improve upon the commercial MEA design(s) to address certain 
limitations, or the design has been altered so the MEA can be used for a new function. Variation in 
electrode materials has demonstrated improvements to various aspects of MEA function, particularly 
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interfacial impedance. Pt black is a material which is used to reduce the interfacial impedance of 
electrodes by increasing the active surface area of the electrode. Generally this is achieved by 
electroplating a chloroplatinic acid based solution onto an electrode, which deposits particles of Pt, 
producing a high surface-to-volume ratio.133 Pt black is successfully used commercially on indium tin-
oxide (ITO) electrodes to reduce electrode interfacial impedance for electrophysiological detection 
(Alpha MED Scientific Inc.). However, there are two main problems with Pt black, specifically its 
mechanical stability and tendency for rapid performance reductions after multiple uses. Kim et al (2015) 
developed a layer-by-layer method of applying Pt black with poly-dopamine which substantially 
improved the mechanical adhesion, such that the measured impedance only increased by 50% after 30 
minutes of sonication.134 Additionally, Qiang et al (2010) have demonstrated that activation of the Pt 
black by potentiostatic cycling using cyclic voltammetry can increase the signal response by up to 33 
times; they state this can be performed once per day to improve the measurement.133 Pt black is still a 
common material used to reduce electrode interfacial impedance, in spite of these results the mechanical 
stability and performance reduction are still considered an issue.  
 
CNT based electrodes have been investigated for MEAs as their properties, as discussed in Section 
2.2.3., are of interest for biosensor applications. Using a simple drop-cast method Gabriel et al (2009) 
demonstrated an improvement, in terms of impedance and average noise, when using SWCNT instead 
of Pt electrodes.135 Additionally, these experiments reported minimal SWCNT removal from electrodes 
and an observed absence of cytotoxicity with this method. Other methods in the literature, such as the 
electrodeposition of CNT-PEDOT composite, indicates the ability to deposit CNTs on MEAs. Again 
this electrode registered reduced impedance and improved signal-to-noise ratio compared to Au 
electrode alone.136 This study also demonstrated an improved charge injection for CNT-PEDOT 
compared to PEDOT alone and Au electrode, this is a very important parameter when considering 
materials for deep brain stimulation devices.  
 
Along with deposition based techniques, a number of research papers have explored the possibility of 
using CVD-grown CNTs, grown directly on the device, as the electrode material for MEA devices. 
Vertically aligned CNTs can provide a huge aspect ratio, for example double-walled CNTs of only 2 
µm height have a theoretical aspect ratio of 300,137 thus permitting a large active surface area for the 
electrode whilst maintaining a small geometric surface area. This property has been used to describe 
the higher specific capacitance of CNT electrodes,138,139 in addition to the improvement in the signal-
to-noise ratio in electrophysiological recordings compared to noble metal electrodes and nanostructured 
TiN.138,140,130 Other reports have indicated that functionalisation of CNTs, which improves their 
wettability with aqueous solutions, could result in a larger active surface area of the CNTs contacting 
the solution. Treatments including exposure to cell culture medium,139 steam plasma,130 oxygen 
plasma,27,141 or buffered hydrofluoric acid142 have all displayed improvements in impedance and/or 
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electrophysiological recordings due to functionalisation, believed to be due to improvement of the 
wettability of CNTs with aqueous solutions. Worth noting is the CNT height in the majority of the 
CVD-grown reports, which is ≤2 µm. In theory the taller the CNTs, the higher the aspect-ratio and thus 
the larger the surface area, which in turn would likely improve the signal-to-noise ratio and therefore 
the impedance. However, Nick et al (2015) indicated that ≤2 µm tall CNTs are the most appropriate for 
implementation in devices which will come into contact with biological samples, as CNTs taller than 
this are easily removed from the substrate.137  
 
CNTs quasi-one-dimensionality coupled with its flexibility have enabled incorporation of the material 
into flexible devices, a desirable property for potential in vivo applications. Chen et al (2011) directly 
grew CNTs on patterned electrode areas, on a polyimide substrate, by plasma-enhanced CVD. This 
study indicated improvements in both impedance and specific capacitance vs. using Au electrode, in 
addition to demonstrating the feasibility of recording electrophysiological signals using CNTs grown 
on plastics, albeit with relatively poor signal-to-noise ratio.143 Other studies have transferred vertically 
aligned CNTs into a flexible substrate (e.g. polydimethylsiloxane) and used CNTs as the electrode, 
conducting track, and bond pad area. Lin et al (2009) established the feasibility of using this approach 
to fabricate devices capable of electrophysiological recordings from a Crayfish nerve cord.144 David-
Pur et al (2014) used the same approach yet demonstrated the potential of using multiple substrates, 
such as parylene, to produce the devices (Fig. 2.17(a)). In addition, they demonstrated impedance values 
of 55 kΩ at 1 kHz for a 100 µm diameter electrode. These are still some way off commercial values 
(Table 2.1), but they did show electrophysiological recording capabilities with embryonic chick retina. 
A potential drawback of replicating the CNTs into a polymer matrix is that the majority of the surface 
area of the CNTs is now not available to the environment, meaning the excellent properties displayed 
with CVD-grown CNTs by themselves are not demonstrated in these flexible devices.  
 
A material that has been used to a lesser extent, although is attracting increasing interest, is boron-doped 
diamond. Boron-doped diamond has been demonstrated to be biocompatible and can be selectively 
grown onto specific electrode areas, making its application in MEAs plausible.145,146 Hébert et al (2015) 
fabricated boron-doped diamond MEAs with a planar geometry, these electrodes recorded a particularly 
high electrochemical impedance (0.6 MΩ at 1 kHz) which would be unsuitable for electrophysiological 
detection.146 Piret et al (2015) used an approach to create a 3-D boron-doped diamond electrode, namely 
they grew boron-doped diamond on CNTs (Fig. 2.17(b)). This electrode indicated increased capacitance 
and a decrease in impedance (50 kΩ at 1 kHz) compared to planar boron-doped diamond electrodes of 
the same geometric surface area.  
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Figure 2.18: (a) Photograph of a flexible all-CNT based MEA fabricated in parylene. Adapted from 147. (b) 
Scanning electron microscopy image of a nano boron-doped diamond/CNT electrode. Adapted from 145. 
 
2.3.4.3.   Transistor-based MEAs 
Changing the material is not the only option, the electrode design can also be altered, this is particularly 
true for MEAs which can have individually addressable transistors as the electrodes. A substantial 
amount of work has been carried out on the production of transistor based electrodes for 
electrophysiology, particularly nanowire based field-effect transistors (FET).148–151 Within this research 
area, a small number of studies have investigated the potential of using multiple transistors for sensing 
purposes. Reports have illustrated the use of nanomaterial-based FETs for electrophysiology with some 
successes. The FET device is composed of a few main structures, namely the source and drain 
electrodes, which are connected together by a channel which is normally semiconducting in nature. 
Above this channel is a thin dielectric layer (usually called the gate oxide), in electrophysiological 
recording the cell attaches to this oxide and when the membrane of the cell depolarises, this change in 
electric field affects the charge carriers in the semiconducting channel, thus altering the current between 
the source and drain electrodes. Neuronal cells have been cultured and patterned onto FETs which use 
silicon nanowires as the channel and silicon dioxide as the gate oxide dielectric layer. These FETs were 
fabricated next to each other at a set distance, and then specific growth factors were used to initiate 
growth of projections above the FETs (Fig. 2.18). This in turn allowed measurement of the signal speed 
in unmyelinated axons and dendrites, 0.43 m/sec and 0.16 m/sec, respectively.152 
 
Chapter 2  Literature Review 
36 
 
 
Figure 2.19: Image of a neuron where the projections (axon and dendrite) are induced to grow directly above 
silicon nanowire field-effect transistors used for electrical measurements. Adapted from 152. 
 
Transistors based on organic polymers, called organic electrochemical transistors, have been fabricated 
for the purpose of measuring electrical brain activity in individuals with epilepsy. As such, these 
transistor electrodes have been shown to record brain activity at 4-14 Hz in vivo. Additionally, these 
electrodes demonstrate a much improved signal-to-noise ratio of 52.7 dB compared to PEDOT:PSS 
surface electrodes of 30.2 dB, and Ir-based penetrating electrodes of 32.0 dB.153 The device was 
fabricated on flexible substrates and thus can conform to the shape of the brain tissue, potentially 
inferring measurements of entire intact brain areas. 
 
2.3.4.4.   Intracellular Recording Using MEAs 
In terms of electrophysiology recording using MEAs, the ability to detect intracellular signals generated 
from cells would be advantageous. With current commercially available MEAs intracellular signal 
recording is not possible, thus subthreshold changes in membrane potential are not observed. These 
changes could be a key component in identifying the type of signal, i.e. inhibitory or excitatory.154 
Researchers have attempted to tackle this issue with varying degrees of success. Vertical nanowire 
based electrodes have been used to measure intracellular membrane potentials of neurons (Si 
nanowire)155 and myocardial cells (Fig. 2.19(a)) (Pt nanowire).156 These two reports used 
electroporation to permeabilise the membrane, which could affect general cell functioning as there is a 
loss in membrane integrity. Additionally, the signal decays substantially over time due to membrane 
resealing, such that it resembles extracellular recording after a few minutes or less. This means that 
long-term effects of drugs on cell function may be difficult to determine.  
 
A separate study into intracellular electrophysiology recordings investigated the use of mushroom-
shaped gold protrusions on an electrode to improve contact with cells (Fig. 2.19(b)).157,158 The key 
process step in this design is the functionalisation of the gold spines with a peptide titled engulfment 
promoting peptide. This peptide facilitated interaction with receptors on the cell membrane to initiate 
phagocytosis of the spine by the cell, thus increasing the coupling between the electrode and the cell 
membrane. The recorded improvement in signal-to-noise ratio was put down to a decrease in the cleft 
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size between the cell and the electrode. Thus, intracellular signals were recorded without the need for 
electroporation, however the effect on cellular physiology by initiating (and not completing) 
phagocytosis has not been addressed as this may cause release of cytokine’s etc. Additionally, 
improvements in peak-to-peak amplitude were restricted to Aplysia neurons, they were not observed 
with mammalian cell lines even though they were tested. 
 
 
Figure 2.20: Scanning electron microscopy image of an electrode in a MEA system with five vertical Pt 
nanowires protruding from the insulating material (Si3N4), adapted from 156. (b) Transmission electron 
microscopy image of a ‘gold mushroom’ electrode engulfed by an Aplysia neuron, scale bar: 500 nm, adapted 
from 157. 
 
2.3.4.5.   High-Density Electrode MEAs 
Research has spread in various directions with respect to the advancement of MEA probes and systems, 
where one such direction is the increase in electrode density. Classically, MEAs have between 4 and 
approximately 120 electrodes in various configurations, with electrode areas ranging between ~mm2 
and ~µm2. However, relatively recent reports have integrated CMOS-based design and fabrication into 
MEAs to create devices with many thousands of electrodes.159–161  
 
These devices aim to produce relatively small electrodes (e.g. 40 µm2) with as small as possible pitch 
(e.g. 17.8 µm) in an attempt to isolate single cells and their respective signal propagation. This, in turn, 
enhances the ability to characterise and quantify parameters from single cells, e.g. signal velocity, 
inhibitory or excitatory, etc. TiN electrodes of 1.2 µm diameter have been fabricated on a MEA with 
up to 16,384 electrodes.160,162 Electroporation was used to permeabilise cardiac cells and responses to 
stimulation protocols were measured at surrounding electrodes, yet a specific signal response was not 
followed in detail in these reports. Bakkum et al (2013) produced a MEA, using a CMOS-based design, 
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with 11,011 Pt black electrodes and cultured it with cortical cells.159 The authors were then able to 
stimulate electrodes of their choosing and measure/record the responses at surrounding electrodes, 
allowing them to monitor a specific signal response in detail. This, combined with overlaying 
fluorescent images, allowed the researchers to observe which areas of the cells were producing the 
largest signal and where certain cell projections were in real space (Fig. 2.20). Increasing the electrode 
density has provided novel information in terms of signal velocity, in both cardiac cells and 
unmyelinated neurons, however challenges still remain in this area. Even though the electrode number 
has dramatically increased only 128 electrodes at a time were able to be stimulated and recorded from. 
Additionally, the reduction in electrode size coincided with a poor signal-to-noise ratio for all reports, 
in spite of the use of Pt black the signals needed to be averaged up to 1000 times and bandpass filtered 
between 200 Hz and 3 kHz for resolution purposes. 
 
 
Figure 2.21: (a) Optical microscopy image of a labelled neuron over a number of electrodes. (b) Indicates 
travel of signal from stimulation (red cross) along axon to soma (largest depolarisation) onward to the 
dendrite. (c) Latency of signal, with t=0 at the largest voltage signal (soma), and stimulation occurring at red 
cross. Adapted from 159. 
 
2.3.4.6.   MEAs for Electrochemical Detection 
Overall, MEAs have thus far been used almost exclusively for the detection of bioelectrical signals at 
multiple locations on a device, giving rise to spatial electrophysiological information. Yet, its ability to 
record responses at various locations simultaneously makes it an attractive option for measuring 
biochemical signals, such as neurotransmitters released at the synapse between neurons. A small 
number of reports have investigated the feasibility of using MEAs as electrochemical sensors for 
(a) (b) (c)
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neurotransmitters, dopamine in particular. Dopamine is a well-studied molecule in electrochemistry 
where it ideally exhibits a two-electron redox process with most electrodes, this makes it possible to 
draw comparisons from separate papers about this neurotransmitter. 
 
One such research paper uses acid functionalised MWCNTs micro-contact printed onto a custom made 
MEA, compared to nanostructured TiN, to investigate their respective abilities to record extracellular 
electrophysiological responses, in addition to responses of controlled dopamine concentrations.131 
MWCNT electrodes displayed a lower detection limit of dopamine (1 µM) and improved signal-to-
noise ratio for electrophysiological signals compared to the nanostructured TiN. However, the MWCNT 
electrodes were 80 µm in diameter producing a surface area which is too high for single cell detection. 
Moreover, no interferents were tested in addition to the dopamine during electrochemical detection, 
thus reducing the validity when testing on biological samples. Suzuki et al (2013) also demonstrated 
the possibility of using CNTs as the electrode material in a MEA aimed at electrophysiological, as well 
as electrochemical, detection.129 A detection limit of 1 nM was reported for a 200 µm diameter 
electrode, in addition to in situ recordings from coronal and sagittal brain slices using the striatal area 
of a mouse. Again, this paper does not address the problem of interferents in the extracellular solution. 
Additionally, the peak current of 14.7 pA measured by the electrode upon release of dopamine would 
indicate that under 10 nM concentration of dopamine was released after stimulation. Other reports 
indicate that release of dopamine in this area would cause a much larger increase in dopamine 
concentration.126 Recently, Wang et al (2015) established a method of electrodepositing an overoxidised 
polypyrrole-rGO (ox-Ppy/rGO) composite onto electrodes of a MEA for selective detection of 
dopamine.163 A limit of detection of 4 nM for dopamine was claimed and a linear range from 0.8 µM 
up to 10 µM in the presence of ascorbic acid (Fig. 2.21(a)). Additionally, a dopamine response was 
recorded from PC12 cells using this MEA, however the released dopamine concentration was not 
measured (Fig. 2.21(b)). 
 
The results in the reports demonstrate the feasibility of using MEAs as biochemical detectors, at least 
for neurotransmitters, with physiologically relevant (nM) detection limits reached for dopamine along 
with some selectivity against electrochemical interferents. However, improvements can be made in 
terms of sensitivity, selectivity and detection limits. Thus, the aim of this body of work is to fabricate 
and test a CNT-based MEA for selective biochemical detection of dopamine. The subsequent chapters 
will describe the methods used to achieve the device fabrication, in addition to analysing the results 
gained in pursuing this objective. 
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Figure 2.22: (a) Response of Ppy-rGO electrode to various concentrations of dopamine using constant 
potential amperometry. (b) Optical microscope image of PC12 cell culture on MEA, with an electrochemical 
response to a cell at electrode 56 demonstrated below. Adapted from 163. 
 
2.4.   Summary 
In brief, this chapter has reviewed the suitability of using CNTs for a biosensor aimed at the 
electrochemical detection of a neurotransmitter, namely dopamine, with the possibility of this device 
generating spatial information from biological tissues or cells. The chemical and geometric structure of 
CNTs has been clearly described, with inferences as to why this structure is beneficial for biosensor 
electrodes. In general, the high aspect-ratio generates a relatively large surface area which can improve 
sensitivity and provide an increased number of sites available for functionalisation. The chemical 
structure of CNTs generates a highly conductive material that is relatively inert, an important 
characteristic that may reduce the redox reactions at the tissue/material interface. Following these 
observations it was also noted that a number of functionalisation techniques have been investigated for 
CNTs, attempting to improve sensitivity, selectivity, and/or biocompatibility. The availability of such 
techniques provides an even wider scope for CNTs to be in biosensors.  
 
In the second section of this chapter a review of state-of-the-art biosensors was carried out, including 
different detection techniques available and the wide variety of materials used. Subsequently, a more 
focused analysis of the sensors available for the detection of neurotransmitters was carried out as these 
biomolecules, particularly dopamine, are the focus of this project. It was found that electrochemical 
techniques are the primary method for dopamine detection, with the majority of reports focusing on the 
adaptation of commercially available electrodes (glassy carbon or noble metal) using various 
nanomaterials, e.g. graphene, metal oxide nanoparticles, and CNTs. These experiments often report 
limits of detection for dopamine in the nM range, which is physiologically relevant, in addition to 
selectivity to common electrochemical interferents such as ascorbic acid. Nonetheless, these electrodes 
are usually millimetres in diameter, if we hope to record chemical signals from single cells using such 
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techniques the electrode diameter must be reduced to reflect the diameter of a single neuronal cell 
(between 4 and 20 µm). Current techniques either focus on ‘offline’ measurements (microdialysis and 
HPLC), or in vivo electrochemical detection using carbon fibre electrodes and fast-scan cyclic 
voltammetry. The ‘offline’ measurements generate selectivity between biomolecules but cannot 
observe real-time changes, the exact opposite to the in vivo electrochemical techniques. Yet, neither 
technique can provide spatial information in terms of neurotransmitter release, i.e. how are the 
neurotransmitters released in a tissue slice or cell culture in terms of the neuronal circuitry. To address 
the limitations of electrode size and current available techniques MEA devices can potentially be used, 
these devices are already used in electrophysiology to aid mapping of electrical signals in biological 
systems. Much work has been performed aiming to improve the parameters of current MEAs, such as 
fabricating them for intracellular signal detection or increasing the electrode density to more accurately 
follow an electrical signal along a single neuron. However, to date, minimal work has been carried out 
to illustrate the potential for electrochemical detection, using MEA devices, in biological systems. As 
such, the subsequent chapters will focus on production of a CNT-based MEA device capable of 
selectively detecting dopamine at physiologically relevant concentrations. This begins with the next 
chapter which will focus on the techniques used to fabricate and characterise the MEA devices 
developed here. 
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Chapter 3 – Experimental Techniques 
 
This chapter provides information on the methods used to fabricate the samples/devices in this project, 
in addition to the techniques employed to characterise their output. The manner in which each method 
and technique delivers their output is discussed, along with the accurate procedure followed which 
resulted in the finished sample or data production. Where appropriate an error analysis has been 
performed to show limits as to the accuracy of results. 
 
3.1.   Fabrication Techniques 
3.1.1.   Substrate Cleaning 
In all cases, the substrate undergoes a cleaning procedure which involves sonicating the sample in 
various organic solvents and/or DI water. This is to remove any particulate debris from the surface of 
the substrate which may interfere with later processes. Following this, substrates are exposed to oxygen 
plasma to remove organic contaminants from the substrate surface. In the final cleaning step, the 
substrates are dehydrated at 150 ⁰C (or higher) for several minutes to desorb the remaining H2O on the 
surface, this step is to increase photoresist adhesion in the photolithography process.164  
 
Here, this cleaning procedure involves ultrasonication in subsequent acetone, iso-propanol and 
methanol for 5 minutes each. The substrates were then thoroughly dried with a N2 air gun and the 
remaining organic residue removed via an oxygen plasma exposure at 0.15 Torr, using 100 W for three 
minutes, to complete the substrate cleaning stage (Emitech K-1050X). 
 
3.1.2.   Photolithography 
Photolithography is a well characterised process which allows the transfer of a pattern from a mask to 
a substrate. It is used extensively to define metallic contacts and tracks, in the micrometer and 
nanometer scale, on substrates such as silicon or glass. An overview of the photolithography procedure 
is detailed in Figure 3.1 and will be discussed in detail in this section. Following the substrate cleaning 
stage the substrate is allowed to cool, with an adhesion promoter very often used to increase the 
photoresist wetting with the substrate surface.  
 
Here, hexamethyldisilazane was spin-coated onto the substrate surface at 3500 rpm for 10 seconds, this 
was to improve adhesion. It works by bonding its Si atom to oxygen atoms on the oxidised substrate 
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surface (e.g. SiO2), thus the methyl groups form a hydrophobic surface which improves wetting of the 
non-polar photoresist.164 
 
 
Figure 3.1: Schematic illustrating the process of photolithography using a ‘positive’-type photoresist. 
 
The next step is photoresist application, here AZ-5214E (MicroChem Corp.) was the chosen photoresist 
and it was spin-coated at 4000 rpm for 30 seconds with a high acceleration. AZ-5214E is similar to 
most photoresists in that it is mainly composed of a resin (Novolak), a photoactive compound 
(diazonaphtho-quinone-sulphonates (DNQ)) and a solvent (propylene-glycol-mono-methyl-ether-
acetate). The resin type and/or chain length influences the photoresist properties, allowing for use in 
different applications. The photoactive compound, when activated by a specific UV wavelength, 
dramatically increases its alkaline solubility compared to non-activated areas. Then the solvent, which 
is generally the main ingredient of photoresists initially (55-85%), is used to suppress vaporescence 
while dispensing, allowing for reproducible work.164  
 
Following the spin-coating, which leaves around 15-25% of the solvent in the photoresist, the substrate 
undergoes ‘soft-baking’ on a hot plate. Soft-baking is carried out to reduce the solvent concentration 
further, to ≤5%, for various reasons including improving photoresist adhesion to the substrate. This 
procedure uses a soft-bake of 60 seconds at 95 ⁰C on a hot plate to facilitate this reduction in solvent 
concentration, followed by resting the sample at room temperature for at least 2 minutes to allow 
rehydration of the photoresist film. 
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After the soft-bake the substrate is exposed to UV light of a specified wavelength. This is dependent on 
the photoresist used, for AZ-5214E this is 365 nm, also called i-line exposure. As discussed, exposure 
to UV light photoactivates DNQ in the photoresist film, thus dramatically increasing the alkaline 
solubility of the exposed photoresist. This is the stage where patterning of the substrate is possible, prior 
to exposure the substrate is put into tight contact with a photomask. This photomask has areas which 
are transparent to UV light, meaning the DNQ is photoactivated in these areas. The photomask also has 
other areas where the UV light is blocked from reaching the photoresist on the substrate, meaning DNQ 
in those areas is not photoactivated (Fig. 3.2(a)). Therefore, after UV exposure of the substrate through 
a photomask there are now areas which are significantly more soluble in alkaline solution compared to 
others. Here, an exposure of 6.2 seconds at 7 mW cm-2 on the Suss MA1006 mask aligner (Karl Suss) 
was used, producing an energy density of 43.4 mJ cm-2. 
 
The final step of the photolithography procedure is the post-exposure development of the photoresist 
film on the substrate. During this step the whole substrate is exposed to an alkaline ‘developer’ solution 
for a pre-determined time. Because the photoresist has been selectively exposed, the areas where 
photoactivated DNQ is present will dissolve significantly faster than non-photoactivated DNQ areas. 
The ‘development time’ is the time taken for all of the photoactivated DNQ areas to dissolve completely 
leaving no photoresist in those areas. Hence, after development a photoresist pattern will be realised 
which mimics the photomask used during the exposure step, which is also called ‘positive-resist 
photolithography’. Here, the NaOH-based AZ-351B developer (MicroChemicals) was used (diluted 1:4 
with DI water) and a development time of 40 to 55 seconds was chosen. Immediately following the 
development the substrate was washed thoroughly in DI water to halt the reaction and dried using a N2 
air gun. 
 
3.1.1.1.   Sample Metallisation & Lift-Off 
Following on from photolithography various processes can now be performed on this patterned 
substrate. Here we perform a lift-off process which involves depositing metal over the whole substrate, 
followed by dissolving the remaining photoresist on that substrate. Thus, when the metal is deposited 
(DC sputtered using JLS-MPS 500) it will contact both developed areas i.e. the substrate, and 
undeveloped areas i.e. the photoresist (Table 3.1 for overview of metal layers for each sample described 
in this report). Therefore, when the remaining photoresist is dissolved after metallisation, the metal in 
contact with the substrate will remain adhered and the metal in contact with the photoresist will be 
removed. Accordingly, a metallic pattern will be realised on the substrate which mimics the transparent 
areas on the photomask used during the exposure step (Fig. 3.2(b)).  
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Samples Metallic Films 
Film Thickness 
(nm) 
Use of Photolithography 
& Lift-Off 
Chapter 4 Al/Fe 8/2 x 
Chapter 5 & 6 Ti/Pd/Al/Fe 4/95/8/2  
Chapter 7 - Test TiN/Al/Fe/PL 50/8/4/10 x 
Chapter 7 - Device Ti/Pd/TiN/Al/Fe/PL 4/60/50/8/4/10  
Table 3.1: Overview of the metallic layers deposited for samples in each chapter. Includes their thicknesses, 
and whether photolithography was used to define patterns or not. PL is protective layer. 
 
Following metal deposition the photoresist needs to be removed, for this removal N-methyl-2-
pyrrolidone (NMP)-1165 was used. The substrate is completely submerged in this organic solvent for 
at least four hours on a hot plate at 70 ⁰C to facilitate the lift-off procedure. The elevated temperature, 
along with a short ultrasonication (<30 seconds) after the substrate has been removed from the hot plate, 
produced a clean lift-off. The substrates were washed thoroughly in subsequent acetone, DI water and 
iso-propanol, then dried with a N2 air gun, to remove NMP-1165 residuals. 
 
 
Figure 3.2: Photographs illustrating an example of photolithography, (a) photomask used and (b) sample that 
has undergone photolithography using the photomask in (a) and has been metallised and ‘lifted-off’. 
 
3.1.3.   Radio-Frequency Sputtering 
Following lift-off, when fabriating the MEA device, the whole substrate was passivated (Fig. 5.1 – step 
2) by RF-sputtering of a SiO2 target (Noriko 2000 RF magnetron sputterer ), producing a film of 250 
nm thickness. The deposition values were as follows, chamber pressure of 5 mTorr, Ar/O2 flow of 50/5 
sccm, magnetron power density of 1.23 W cm-2 at a 100% separation and 4 rpm rotation. 
 
3.1.4.   Reactive-ion Etching 
Reactive-ion etching (RIE) is a ‘dry’ etching technique, i.e. it uses ionised gases as the etchant. This is 
the main alternative to ‘wet’ etching which uses a liquid or aqueous solution as the etchant. RIE was 
preferred here as it produces a relatively controlled anisotropic etch compared to wet etching which 
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produces an isotropic etch. Additionally, wet etching of silicon dioxide involves the use of hydrofluoric 
acid, which is not only extremely dangerous, but is also known to etch other materials present on the 
device i.e. Pd and Si.165 A reactive ion etcher is a chamber with a pair of capacitively-coupled parallel 
plates which are powered via the bottom plate.166 The process of RIE involves evacuating the chamber 
with the sample to be etched in down to <1 x10-3 Torr, following this the gas or gas mixture to be used 
is introduced into the chamber and the chosen pressure is established. Here, a CF4/Ar mixture of 30 
sccm/10 sccm was decided for the selective etch of SiO2 at a pressure of 60 mTorr.26 After these 
parameters have stabilised, the power is applied across the electrodes at a frequency of 13.56 MHz, 
which produces a potential across the electrodes as well as ionising the gas(es). As the electrode is 
bottom powered it attracts the positively-charged ions towards the negative potential of the bottom 
electrode, and thus towards the substrate. Here, a power of 100 W was chosen which produced a bias 
of -210 V. This means the CF2+, CF3+ and Ar+ ions produced were attracted towards the bottom electrode 
and thus the substrate as well. SiO2 is well known to react with fluorine based ions and produce SiF4. 
In this instance the free C can react with the O present in the SiO2 film to produce CO. Under the 
conditions an etch rate of approximately 10 nm min-1 was achieved for SiO2, consequently the etching 
process proceeded for 30 minutes to ensure complete SiO2 removal from above the Pd-based electrodes 
and contact pads. 
 
3.1.5.   Photo-Thermal Chemical Vapour Deposition – Carbon Nanotube Growth 
CVD growth of CNTs, as discussed previously, is a technique which allows growth of CNTs directly 
on a substrate. To recap, this method uses a catalyst to execute the formation of sp2 hybridised solid 
carbon from a carbon based feedstock gas, such as acetylene. Here, photo-thermal CVD (PT-CVD) is 
used (Surrey NanoSystems 1000N) to grow CNTs, the main difference to conventional CVD is the use 
of optical lamps. These lamps produce the heat required for CNT growth instead of an increase in 
temperature due to resistive heating (Fig. 3.3 for overview). 
 
Samples 
(Chapter) 
Anneal Growth 
Power 
Output 
(%) 
Hydrogen 
Flow 
(sccm) 
Pressure 
(Torr) 
Time 
(min) 
Power 
Output 
(%) 
Hydrogen 
Flow 
(sccm) 
Acetylene 
Flow 
(sccm) 
Pressure 
(Torr) 
Time 
(min) 
4 55 200 10 10 55 200 50 10 15 
5&6 42.5 100 2 10 42.5 100 10 2 8 
7 – Test 40 100 2 10 40 100 10 2 5 
7 – Device 45 100 2 10 45 100 10 2 4 
Table 3.2: Overview of the parameters used in PT-CVD assisted growth of CNTs for every sample throughout 
this thesis. 
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The specific parameters for CNT growth on each sample or device are stated in Table 3.2. In detail, the 
process begins by placing the sample, which is fabricated to have a thin catalyst layer (Fe here), inside 
the vacuum chamber and pumping down to a pressure of ~5 x10-5 Torr. A reducing gas is then 
introduced at a set flow rate, here it was hydrogen at either 100 or 200 sccm, and a chamber pressure is 
also set which is either 2 or 10 Torr here. Once these parameters have settled the 8 optical lamps in the 
roof of the equipment are turned on to a set power, each lamp produces a power of 1 kW at maximum 
power output, here power outputs of between 42.5% and 55% were used (between 3.2 and 4.4 kW). 
The equipment is then left with these parameters for a set time, which here is 10 minutes. This is known 
as the annealing process. This part of the process is exacted for two main reasons. First, the relatively 
high temperature causes the thin metal catalyst film (Fe) to produce a nanoparticle-like morphology, 
where these nanoparticles will catalyse the production of CNTs. Secondly, the hydrogen acts to reduce 
the catalyst film, which has more than likely oxidised in the ambient air prior to CNT growth, as metallic 
catalyst oxidation state is considered a requirement for high quality CNT growth.21,167  
 
 
Figure 3.3: Simulated image of the inside of the chamber providing PT-CVD assisted growth of CNTs. The 
IR lamps provide energy directed at the substrate through a quartz plate. The substrate is located above a Si 
wafer and carbon fibre (CF) mat with convectional water cooling applied underneath (water plate). 
 
Following the anneal stage the carbon feedstock gas, which is acetylene here, is introduced without 
altering any of the other parameters. Now, the nanoparticle-like metallic Fe catalyst particles catalyse 
the production of solid sp2 hybridised carbon in the form of a nanotube, from the pyrolysed acetylene, 
this is called the growth stage. This growth stage continues for a set time which is varied depending on 
the requirements. At the termination of CNT growth the lamps are turned off, in addition to the gases 
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being switched off and the pressure valve fully opened. The chamber is then allowed to cool to room 
temperature, vented, and the sample removed for further processing or characterisation. 
 
3.2.   Characterisation Techniques 
3.2.1.   Scanning Electron Microscopy 
Scanning electron microscopy (SEM) is a non-destructive imaging technique which permits a resolution 
limit on the order of 10 nm for solid samples using secondary electrons.168 The technique involves 
accelerating electrons from an electron source (or gun) which is metallic in nature into a sample, 
followed by measurement of the electrons released from the sample. To be more specific, the electrons 
are accelerated from the source towards the condenser lens, where it is converged via electromagnetic 
coils. Following this the beam then passes through an objective lens with the purpose of focusing the 
beam onto the sample. There are also scan coils present between the condenser lens and objective lens 
which use magnetic fields to allow movement of the beam in the x and y directions (Fig. 3.4). 
 
 
Figure 3.4: Schematic demonstrating the electron path in a scanning electron microscope from emission at 
the electron source to interaction with the sample, producing secondary electrons which are detected to 
produce an image. Adapted from 169. 
 
When the incident electrons collide with the sample they can produce a number of signals such as 
secondary electron emission, backscattered electron emission, and X-rays, among others. Secondary 
electron emission is the signal used for SEM, when an incident electron collides with the sample the 
energetic interaction generates the emission of a loosely bound electron close to the sample surface. 
This secondary electron interacts with the secondary electron detector, which in turn generates an 
image, allowing topographical and morphological qualitative analysis of the sample. Beyond secondary 
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electrons, other sample emissions such as backscattered electrons, X-rays, and cathodoluminescence 
excitations are possible depending on the accelerating voltage of the electron column and the interaction 
volume with the sample. These emissions can provide semi-quantitative information on relative density 
and elemental composition of the sample.  
 
In this project, samples were prepared for SEM by adhering them to a metallic stub using carbon tape. 
The stub was placed in its holder in the vacuum chamber and the chamber pumped down to a vacuum 
of ≤1 x10-4 mbar. Images were then obtained using the FEI Quanta ESEM. A range of parameters were 
used for each image, with an accelerating voltage range from 5 kV to 30 kV and a spot size of between 
3.0 and 4.0. The images were then post-processed using ImageJ analysis where the contrast/brightness 
was altered, in addition to pasting an accurate scale bar on each image. 
 
3.2.2.   Transmission Electron Microscopy 
Transmission electron microscopy (TEM) is a microscopy technique which involves focusing a high 
energy electron beam, e.g. 100 keV, onto an ultrathin sample. Consequently, as the beam passes through 
the sample an image is produced via a diffraction contrast mechanism. This technique is able to image 
at higher resolutions than SEM and can provide structural information about a sample. In the case of 
CNTs, TEM has been used extensively to provide information about the number of walls, chirality, 
length, and diameter.28,170 
 
In this project, samples were prepared by removing the CNTs (both functionalised and non-
functionalised) from their substrate via a scalpel, and depositing them in acetone. The CNTs were then 
dispersed in acetone via ultrasonication for 5 minutes. 2-3 drops of this dispersion was then deposited, 
via a capillary tube, onto a 300 mesh copper TEM grid. Finally, images were taken by Dr. Vlad Stolojan 
at the University of Surrey Materials Science Department using a Hitachi HD-2300A Scanning 
Transmission Electron Microscope. 
 
3.2.3.   Contact Angle Measurements 
Measurement of the wettability of a solid material with a liquid or aqueous solution can be determined 
by investigation of the contact angle. This contact angle is defined as the angle produced at the 
intersection between the solid/liquid interface and the liquid/vapour interface (Fig. 3.5). For favourable 
wetting conditions the liquid will increase its contact area with the solid, producing a reduced contact 
angle. If this liquid is water and the contact angle is <90º then the material is thought of as hydrophilic. 
For unfavourable wetting conditions the liquid droplet remains tight and reduces its contact area with 
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the solid, producing a higher contact angle. If this liquid is water and the contact angle is >90º then the 
material is thought of as hydrophobic, this is observed naturally via the lotus effect. 
 
 
Figure 3.5: Contact angle measurement of a liquid droplet on a solid material surface. (Left) demonstrating 
parameters of γlv (liquid-vapour interface), γsv (solid-vapour interface), and γsl (solid-liquid interface), the 
angle formed is for favourable wetting as the contact angle is less than 90º. (Right) Unfavourable wetting as 
the contact angle is higher than 90º. Adapted from 171. 
 
Experimental contact angle measurements in this project were determined using a Kruss Microdrop 
system. This system is composed of a flat stage which can be manoeuvred in the Z-direction, in addition 
to a 5 mL capacity syringe perpendicular to the centre of the stage. The syringe was filled with DI water 
and the sample (CNTs PT-CVD grown on a Si substrate) placed on the stage, where subsequently the 
stage was moved upwards so it was located close to the syringe. A droplet of DI water was slowly 
extracted from the syringe, with the sample placed so that the distance the droplet fell from the syringe 
until it touched the sample was minimal. Immediately after the DI water droplet contacted the sample 
an image was captured, following this a line was drawn from the corner of one side of the droplet to the 
other. The Sessile method was then used to calculate the contact angle for DI water on the PT-CVD 
grown CNTs.     
 
3.2.4.   X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) is an analytical technique which uses incident X-ray photons 
to excite, and thus emit, core energy-level electrons from the surface of a material (Fig. 3.6). The X-
rays are focused onto the material and the output is extracted in terms of the binding energy of the 
emitted core shell electrons. This concept allows quantitative analysis of the elements present on the 
surface of the material, their respective atomic percentage, and their chemical state (i.e. bonding status). 
Notably, this technique is carried out in ultra-high vacuum to increase the mean free path of electrons. 
This is in order to allow the maximum possible collection at the hemi-spherical analyser (detector) 
which is located close to the sample surface.  
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Figure 3.6: Illustration of the X-ray photoelectron spectroscopy technique demonstrating how X-rays 
directed at the sample can eject core shell electrons allowing elemental analysis. Adapted from 172. 
 
XPS was carried out by Dr. Steven Hinder (University of Surrey – Materials Science Department) on a 
ThermoScientific ThetaProbe with an Al K-α X-ray monochromated source (1486.6 eV) (MXR1), 
where the source was 37ᵒ from the surface, with a spot size of 400 µm radius on the sample. The binding 
energy spectrum was then produced using a 0.2 eV step, following this full spectrum investigation, 
smaller binding energy ranges were analysed and 20 accumulations were produced for each range thus 
increasing the signal-to-noise ratio.  
 
3.2.5.   Raman Spectroscopy 
Raman spectroscopy has fast become one of the main techniques for characterisation of nano-carbon 
materials, particularly graphene and CNTs.173,174 This non-destructive technique allows characterisation 
of symmetrical bonds and molecules via probing of lattice vibrations, i.e. phonons, via inelastic 
scattering of light. More specifically, a photon from a laser light source of a given wavelength interacts, 
and excites, an electron from the valence band to the conduction energy band in the material being 
investigaed. The excited electron is then scattered by emitting (Stokes) or absorbing (Anti-Stokes) 
phonon(s), finally the electron relaxes back to the valence energy band by emitting a photon. The output 
is the measurement of the intensity of scattered light as a function of the frequency downshift (assuming 
a Stokes interaction) of the scattered light, called Raman Shift.16  
 
There are a number of peaks in the Raman spectrum of CNTs which can provide information that is of 
interest to this project. At the lower Raman Shift values (between 100 cm-1 and 500 cm-1) are the radial 
breathing modes (RBM). The RBM reflects the in-phase vibration of the A symmetry phonons in the 
radial direction, its presence is a direct confirmation of CNTs (usually SWCNTs) in the sample as no 
other known material generates these modes.15 Material information such as electronic structure and 
tube radius can be determined from RBM. However, MWCNT do not generate RBM as interference 
effects diminish its intensity, this is due to the increased number of walls. The G peak is a first-order 
Raman scattering event that is due to the emission of the E2G optical phonon, it is present in all graphitic-
based materials at ~ 1582 cm-1.173 The D peak is a second-order Raman scattering event present at ~1350 
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cm-1 that involves the inelastic emission of a phonon, in addition to elastic scattering at a defect point 
in the lattice. The ratio of the intensity of the D peak compared to the intensity of the G peak is 
commonly used as an indicator of the quality of the CNT sample, with smaller ratios indicating less 
defects in the lattice.174 The other peak of interest on the Raman spectrum for this project is the 2D 
peak, again a second-order Raman scattering event which is an overtone of the D peak and is located at 
~2700 cm-1. However, even though this is an overtone of the D peak it involves phonon emission from 
two inelastic scattering events as it does not require a defect. The relative intensity of the 2D peak has 
been associated with long-range ordering of the crystal structure of CNTs.26 
 
The Renishaw System 2000 Raman Microscope was used to produce the Raman spectroscopy 
measurements evaluated in this report. The sample was initially placed on the stage and the area to be 
assessed was located using the 50x magnification lens. The 514 nm wavelength laser (EL = 2.41 eV) 
was employed for all Raman measurements in this report, with a laser power of 5 mW and a spot size 
on the sample of ~5 µm2, again for all measurements.  
 
3.2.6.   Electrochemical Impedance Spectroscopy  
Electrochemical impedance spectroscopy (EIS) is a technique which permits the recording of the 
interfacial impedance of a solid sample as part of an electrochemical cell (i.e. in an aqueous 
environment). This technique involves applying a small AC potential signal (between 1 mV and 10 
mV) at various frequencies to the working electrode, which is normally the sample being investigated. 
The application of a small sinusoidal excitation potential means the cells response is pseudo-linear, i.e. 
the response is a sinusoidal signal only shifted in phase. This pseudo-linear response at various 
frequencies is generally output in two main graphical forms, a Nyquist plot and a Bode plot. The Nyquist 
plot graphs the real component of the impedance output on the x-axis against the imaginary component 
of impedance on the y-axis, with each data point generated at a particular frequency. The Bode plot 
represents the relationship between the modular impedance and input signal frequency, in addition to 
the phase shift associated with input signal frequency.  
 
Component Current vs. Voltage Impedance 
Resistor V = IR Z = R 
Inductor V = L*dI/dt Z = jωL 
Capacitor I = C*dV/dt Z = 1/jωC 
Table 3.3: Response of circuit components in terms current vs. voltage, in addition to the parameters that 
affect impedance for each circuit component. 
 
Taking the response of common circuit elements into account (Table 3.3), the Nyquist and Bode plots 
can aid in determining an equivalent circuit model for the solid electrode being investigated 
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electrochemically. These equivalent circuit models are commonly simulated to provide information 
about dynamic systems, a prime example is corrosion of an insulating material on a conductive surface. 
 
Electrochemical impedance measurements were made using an AutoLab PGSTAT 12 potentiostat, with 
a FRA2 module, connected to a PC running the NOVA 1.11 software for interface and recording 
purposes. The electrode set-up was placed inside a custom faraday cage to reduce the influence of 
external noise on the measurements (Fig. 3.7).  
 
 
Figure 3.7: Photograph, with illustrations, of the equipment set-up. The electrode(s) are set-up in the faraday 
cage and connected to the potentiostat. The NOVA software runs and analyses the response from the 
Potentiostat. The N2 line is used to purge the solutions before measurements (optional). 
 
In all cases a 3-electrode set-up was used, as demonstrated in Figure 3.8. Initially, the MEA was placed 
on a flat surface inside a custom Faraday cage. Then, a Pt counter electrode (Metrohm), and Ag/AgCl 
reference electrode (Metrohm) (which is stored at 4 °C when not in use), were placed inside the plastic 
ring above the working electrode, the plastic ring is designed to hold the solution being tested. The 
working electrode was either a CNT or electroplated Pt electrode (Fig. 3.8(b)) and is connected to the 
potentiostat via a clip which attaches to the bond pad at the edge of the device, this produces a 
percolation path from the working electrode at the centre of the device to the potentiostat. The plastic 
ring is then filled with ~3 mL of phosphate buffered saline (PBS) solution (pH 7.4) and then left to 
settle. When the experiment begins a 10 mV AC sinusoidal potential signal is applied to the working 
electrode with 13 measurements per decade over a frequency range of 10-1 Hz to 106 Hz. 
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Figure 3.8: (a) Photograph and (b) schematic of the electrode set-up with the MEA device. (a) Photograph of 
the commercial electroplated Pt MEA with the reference electrode (RE) and counter electrode (CE) in 
solution inside the plastic ring. A crocodile clip (bottom) is connected to the working electrode bond-pad, the 
bond-pad has aluminium foil attached for protection and to increase surface area for crocodile clip 
attachment. (b) Schematic of the set-up indicating the percolation path from the croc clip on the working 
electrode (WE) bond-pad, along the underlying tracking (ITO for commercial MEA) to the WE in red. 
 
3.2.7.   Solutions Preparation 
Solutions were prepared on the day of the measurements by making up a stock solution of the 
biomolecule to be investigated, followed by dilution to the correct concentrations, apart from PBS 
which was made up and then completely used over a number of days. For the PBS solution one tablet 
(Sigma-Aldrich Co.) was fully dissolved in 200 mL of ultrapure water (18.2 MΩ) to yield 0.01 M 
phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride, pH 7.4, at 25 °C. For 
potassium nitrate (KNO3) the stock solution was 0.5 M, prepared by dissolving completely 5.65 g in 
100 mL of ultrapure water (18.2 MΩ). For potassium ferricyanide the stock solution was 1 mM, 
prepared by dissolving completely 3.29 x10-2 g of potassium ferricyanide in 100 mL of pre-prepared 
0.5 M KNO3 solution. For dopamine the stock solution was 100 µM, prepared by dissolving completely 
1.89 x 10-3 g of dopamine hydrochloride (Sigma-Aldrich Co.) in 100 mL of pre-prepared PBS solution. 
For ascorbic acid the stock solution was 500 µM, prepared by dissolving completely 8.81 x 10-3 g of 
ascorbic acid (Sigma-Aldrich Co.) in 100 mL of pre-prepared PBS solution. For noradrenaline the stock 
solution was 100 µM, prepared by dissolving completely 3.19 x 10-3 g of noradrenaline bitartrate 
(Sigma-Aldrich Co.) in 100 mL of pre-prepared PBS solution. For uric acid the stock solution was 500 
µM, prepared by dissolving completely 8.41 x 10-3 g of uric acid (Sigma-Aldrich Co.) in 100 mL of 
pre-prepared PBS solution. These were then diluted to the required concentrations and the solutions 
stored at 4 °C until they were needed that day. When the solutions are required they are removed from 
the refrigerator, warmed to room temperature and sonicated to remove as many air bubbles as possible.  
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3.2.8.   Cyclic Voltammetry 
Cyclic voltammetry is an electrochemical technique that permits characterisation of phenomena 
occurring at the electrode/electrolyte solution interface, that includes oxidation, reduction of 
electroactive species, adsorption, desorption, and metal dissolution.175 Classically, the cell is set-up in 
a three-electrode arrangement, where the electrodes are the working electrode, reference electrode, and 
counter electrode. This technique involves applying a voltage between the counter electrode and the 
working electrode, with the desired potential of the working electrode attained respective to the 
reference electrode potential. 
  
 
Figure 3.9: Graphical representation of the triangular waveform applied during cyclic voltammetry. 
 
A cyclic triangular waveform (Fig. 3.9) is then applied between the working electrode and counter 
electrode, with the anodic/cathodic potential limits pre-determined (for aqueous solutions the minimum 
and maximum will usually be determined as the potential at which oxygen and hydrogen are evolved, 
respectively). Thus, the output is a plot of the applied potential range vs. the recorded current at the 
working electrode. 
 
The electrode set-up for these measurements is the same as discussed in Section 3.2.6. Before each 
experiment the MEA would be tested with PBS via cyclic voltammetry for the presence of oxidation 
peaks. If none were found the experiment would continue, if they were found the electrode would be 
rinsed with ultrapure water (18.2 MΩ) and cycled in PBS from -0.4 V to +0.55 V until the peaks 
disappeared. For most cyclic voltammetry measurements a range of -0.1 V to +0.5 V (vs. Ag/AgCl) has 
been used at a scan rate of 100 mV/s. However, for potential window scans (Fig. 7.10) a range from -
2.0 V to +2.0 V (vs. Ag/AgCl) has been used at a scan rate of 1 V/s. Following the experiment the 
electrode was cleaned, the cleaning process involved rinsing the electrode two to three times with 
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ultrapure water (18.2 MΩ), followed by leaving the electrode to soak in clean ultrapure water for 12 
hours. The electrode would then be rinsed again two to three times with ultrapure water and placed in 
a sealed plastic container ready for its next use. 
 
3.2.9.   Differential Pulse Voltammetry 
Differential pulse voltammetry uses the same 3-electrode set-up as EIS and cyclic voltammetry, 
however the scan technique is not triangular as it is in cyclic voltammetry. This technique employs a 
pulse of a defined period and amplitude at specified potential intervals (Fig. 3.10). The current is 
sampled twice per pulse, once directly before the pulse and once at the end of the pulse, the difference 
between the current is then plotted as a function of the potential step. This technique aims to reduce the 
influence of the charging current (non-faradaic) on the measured current output, therefore facilitating 
lower detection limits and higher sensitivities for electroactive species. 
 
 
Figure 3.10: Graphical representation of the pulse system applied during a differential pulse voltammetry 
scan. 
 
The electrode set-up for these measurements is the same as detailed in Section 3.2.6. Before each 
experiment the MEA would be tested with PBS via cyclic voltammetry and differential pulse 
voltammetry for the presence of oxidation peaks. If none were found the experiment would continue, if 
they were found the electrode would be rinsed with ultrapure water (18.2 MΩ) and cycled in phosphate 
buffered saline from -0.4 V to +0.55 V until the peaks disappeared. For differential pulse voltammetry 
the parameters were the same for every measurement, pulse amplitude of 50 mV, pulse width of 50 ms, 
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and pulse period of 0.2 s. However, the concentrations used for measuring the sensitivity of each 
biomolecule varied as discussed with each separate result. Following the experiment the electrode was 
cleaned, the cleaning process involved rinsing the electrode two to three times with ultrapure water 
(18.2 MΩ), followed by leaving the electrode to soak in clean ultrapure water for 12 hours. The 
electrode would then be rinsed again two to three times with ultrapure water and placed in a sealed 
plastic container ready for its next use. 
 
3.3.   Summary 
To summarise, this chapter has outlined the fabrication procedure for the samples and devices 
investigated in this project, in addition to the characterisation techniques used. The fabrication 
procedure involved a number of steps aimed at producing electrically contacted CNTs at the electrode 
areas for the MEA devices. Once the final device was realised a variety of characterisation techniques 
were carried out to measure the properties of the PT-CVD grown CNTs, such as their height, electrical 
type, and quality. Furthermore, electrochemical characterisation techniques were undertaken to provide 
results which allowed comparison to state-of-the-art devices, in addition to devices reported in the 
literature. These comparisons help to provide an informed decision on whether PT-CVD grown 
functionalised CNT MEAs could be a useful research tool for neurotransmitter detection. The next 
chapter, which is the first results chapter, investigates the potential for oxygen plasma functionalisation 
to be used for CNTs. This is an important step in the realisation of a functionalised CNT MEA, with 
CNTs directly grown on the device, as oxygen plasma functionalisation is one of the only techniques 
where the procedure does not harm the rest of the device.  
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Chapter 4 - Functionalisation of CNTs by Oxygen 
Plasma 
4.1.   Introduction 
Carbon nanotubes (CNTs) exhibit a significant aspect ratio, which in turn provides a large surface area 
with respect to the volume it takes up for this material.137 To take full advantage of this large surface 
area, it is advantageous for the CNTs to be grown, for example by CVD, and produce many vertically 
aligned CNTs in an ordered manner. This method allows almost the entire surface of the CNT to be 
exposed to the environment of interest. Therefore, in accordance with the aims of the project, which is 
to produce a sensitive and selective biosensor for dopamine in the form of a MEA, the CNTs need to 
be grown by PT-CVD directly onto the device at pre-determined sites. Additionally, after the CNTs 
have been grown it is necessary to functionalise them with oxygen containing functional groups for two 
reasons. Firstly, this type of functionalisation has been demonstrated extensively to improve the wetting 
characteristics of CNTs with aqueous solutions.27,34,49–51,176 Secondly, the oxygen containing functional 
groups on the CNT which has predominantly sp2 bonding, will potentially allow separation of dopamine 
and ascorbic acid based on electrostatic interactions at pH 7.4, as has been demonstrated in the 
literature.109  
 
There are many available routes to functionalise CNTs for various purposes (Fig. 4.1), however this 
project requires a functionalisation procedure which will alter the CNT chemical structure yet leave the 
rest of the device undamaged. Thus, oxygen plasma functionalisation was chosen as it has been shown 
to dramatically improve CNT wetting characteristics by bonding of oxygen containing functional 
groups,34 in addition to causing minimal to no damage to silicon based devices.27 
 
Consequently, this chapter focuses on how varying the exposure time to oxygen plasma, at a set power, 
affects the structure and behaviour of CNT forests grown by PT-CVD. A power of 50 W was set as it 
has been previously shown to cause the largest increase in the atomic percentage of oxygen bonded to 
CNTs, with higher power settings having caused etching of the CNT structure.177 Additionally, a 
maximum experimental time of 50 seconds at 50 W has been set, which is close to the threshold where 
CNTs will again begin to be etched significantly.177 The change in morphology, structure, and behaviour 
for non-functionalised CNTs and CNTs functionalised in oxygen plasma for various exposure times, 
has been extensively characterised. SEM was used to determine large scale observable differences in 
the CNT forest, as well as differences in CNT morphology. TEM was undertaken to observe alterations 
to the individual CNT structures. Contact angle measurements were made to determine variations in 
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wetting behaviour of the CNTs with de-ionised water. Furthermore, XPS and Raman spectroscopy 
measurements and analysis were carried out to determine how the functionalisation changed the 
chemical and physical structure of the CNTs. Finally, Raman spectroscopy measurements performed 
along the side-wall of CNTs allowed for the determination of how deep into the CNT forest the oxygen 
plasma functionalisation reached. 
 
 
Figure 4.1: Illustration of various types of CNT functionalisation and the processes used. Adapted from 42. 
 
4.2.   Sample Preparation & Characterisation 
Si/SiO2 samples were cleaved to size (~1 cm2) using a diamond scribe, after which they underwent the 
substrate cleaning procedure outlined in Section 3.1.1. 
 
The catalyst was then deposited on the substrate (Table 3.1) by DC-sputtering, then CNTs were grown 
on the samples by PT-CVD  as described in Section 3.1.5. Temperatures were measured by a pyrometer 
located underneath the substrate and a thermocouple placed above the substrate, which reported a 
maximum of 450 ᵒC and 722 ᵒC, respectively (Fig. 4.2). 
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Figure 4.2: Temperature profile of the substrate during the CNT growth process. The solid line represents 
the reading from the pyrometer (bottom of substrate) and the dotted line represents the reading from the 
thermocouple (top of substrate). * shows the change from anneal stage to growth stage, • represents end of 
growth stage. 
 
Samples were then either left non-functionalised or they were functionalised by further using an oxygen 
plasma process. Samples were placed in a RF chamber (Emitech K-1050X) and the chamber was 
evacuated to 0.15 Torr, 15 sccm of O2 was constantly introduced into the chamber for 1 minute before 
ionisation. A power of 50 W (13.56 MHz) was set and the exposure time was either 2 seconds, 15 
seconds or 50 seconds. The process took roughly 10 minutes to complete.  
 
Samples were characterised qualitatively using SEM (FEI Quanta ESEM) to investigate initial CNT 
growth and alterations to the CNTs due to oxygen plasma functionalisation. Contact angle 
measurements were made to investigate how the wetting of the CNT forest changed with 
functionalisation. XPS was used to report on the changes in C:O ratio at the surface, in addition to 
changes in the functional groups present due to functionalisation times. Raman spectroscopy was used 
to examine the quality/defects present in the CNTs before and after functionalisation. Six measurements 
were taken from separate areas and then mean averaged to produce each spectrum. 
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4.3.   Imaging 
SEM provides an opportunity to observe how, in detail, the CNT forest reacts to functionalisation using 
oxygen plasma post processing. Figure 4.3(a) displays an area of a non-functionalised CNT forest with 
vertically-aligned growth and minimal infringements to the top of the CNT forest.  
 
 
Figure 4.3: SEM images of CNT forest(s) that are (a) non-functionalised, and exposed to oxygen plasma for 
(b) 2 seconds, (c) 15 seconds, and (d) 50 seconds. (a) Shows vertically-aligned growth with minimal 
perturbations to the forest (tilt 45ᵒ), (b) shows that these areas of functionalisation are numerous and 
illustrates obvious changes after short functionalisation of 2 seconds (tilt 45ᵒ). (c) Magnified view of an 
affected area due to functionalisation (tilt 45ᵒ), and (d) indicates the depth of the morphological changes (tilt 
70ᵒ). 
 
However, some very small defective areas can be observed. With only 2 seconds of exposure to oxygen 
plasma the landscape at the top of CNT forest changes dramatically (Fig. 4.3(b)). Areas of reduced CNT 
density appear (Fig. 4.3(c)), they are characterised by a change in the morphology from individual 
vertically-aligned CNTs to a collective mass where individual tubes are difficult to distinguish. These 
areas, in particular, penetrate some way into the forest as demonstrated in Figure 4.3(d), which is a 
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sample that has been cleaved at the centre of the forest and imaged side-on. These areas of dramatically 
altered CNTs have not been discussed in previous reports involving oxygen plasma functionalisation of 
CNTs.34,50,176 Perhaps imperfect areas of CNT growth provide space where gaseous oxygen can 
penetrate into the forest, prior to ionisation.  
 
SEM imaging was also used to view how, if at all, CNTs were morphologically altered in other areas 
on a more individual basis. Figure 4.4(a-d) provides evidence to show how functionalisation has 
affected the CNTs, a clear change can be observed between the non-functionalised CNTs (Fig. 4.4(a)) 
and the CNTs which have been oxygen plasma functionalised for 50 seconds (Fig. 4.4(d)). This 
alteration in CNT morphology is demonstrated by a reduction in density due to oxygen plasma 
exposure, in addition to a ‘frayed’ effect at the top of the CNT forest.  
 
 
Figure 4.4: SEM images of CNTs that are (a) non-functionalised (tilt 45ᵒ), and exposed to oxygen plasma for 
(b) 2 seconds (tilt 45ᵒ), (c) 15 seconds (tilt 45ᵒ), and (d) 50 seconds (tilt 45ᵒ). No difference is readily observed 
between (a) and (b). Small morphological changes in CNT structure are noticeable with 15 seconds 
functionalisation i.e. (c), and (d) illustrates more apparent morphological changes compared to non-
functionalised CNTs.  
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Following SEM imaging of CNTs before and after functionalisation, TEM was carried out to determine 
any morphological changes due to oxygen plasma exposure. Specifically, TEM provides higher 
resolution images compared to SEM allowing any structural differences to be observed. The non-
functionalised CNTs display graphitic tubules (Fig. 4.5(a) & Fig. 4.5(b)) with a wall number varying 
between 1 and 4. Also, on some of the non-functionalised CNTs there appears to be an amorphous shell, 
demonstrated by the red arrows in Figure 4.5(b), which is likely to have been deposited during the PT-
CVD growth procedure. 
 
 
Figure 4.5: TEM images of (a,b) non-functionalised CNTs, and (c,d) CNTs functionalised in oxygen plasma 
for 15 seconds. (b) Red arrows indicate presence of amorphous carbon shell on CNTs. 
 
Clearly, this amorphous shell was not noticed for every non-functionalised CNT as it is not present in 
Figure 4.5(a). Following oxygen plasma exposure for 15 seconds it has been noticed in the SEM images 
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that areas of non-tubular structure arise (Fig. 4.3(c)). These areas were also noted in the HR-TEM 
images taken (Fig. 4.5(c) & Fig. 4.5(d)). The material appeared to have lost its tubular shape, but still 
had some graphitic-like structures present demonstrated by the dark lines in the image (Fig. 4.5(c)).  
 
Thus, the non-functionalised CNTs demonstrated high-quality graphitic tubular structures grown in a 
vertically-aligned manner. Following functionalisation there were morphological changes to the CNT 
structure in select areas, these areas retained some graphitisation yet the tubular structure was lost. 
Following this imaging of the CNTs, contact angle measurements were made to determine the change, 
if any, in aqueous wetting behaviour of the CNTs. 
 
4.4.   Contact Angle Measurements 
The measurement of the contact angle between a sample surface and a droplet of liquid/aqueous solution 
(DI water here) can provide information on how well the surface wets with the solution, where the lower 
the contact angle is the better the wetting between surface and solution. The contact angle for the non-
functionalised CNTs was measured to be 135ᵒ (Fig. 4.6(a)), which is highly hydrophobic and agrees 
with the literature values on this material.176  
 
 
Figure 4.6: Contact angle images of CNTs. (a) non-functionalised - 135ᵒ. (b, c, d) Exposed to oxygen plasma 
at 50 Watts for 2 seconds, 15 seconds and 50 seconds, respectively. Producing contact angles of 0ᵒ, 0ᵒ and 17ᵒ, 
respectively.  
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However, after only 2 seconds of exposure to oxygen plasma at 50 W the material becomes fully wetting 
(superhydrophilic), with a contact angle of 0ᵒ (Fig. 4.6(b)). The result is identical after 15 seconds with 
0ᵒ contact angle, yet after 50 seconds of exposure the contact angle decreases to a lesser degree, to 17ᵒ 
(Fig 4.6(d)). Whilst this is still hydrophilic, the material has displayed less of an increase in 
hydrophilicity after a longer exposure time (2/15 seconds vs. 50 seconds). This result, in general, does 
not agree with previous literature,176 thus XPS and Raman spectroscopy were used to determine any 
changes in chemical bonding and defect concentration due to exposure to oxygen plasma.   
 
4.5.   X-ray Photoelectron Spectroscopy Analysis 
Analysis of the XPS survey scans reveals a dramatic increase in the oxygen content of the material after 
functionalisation (Fig. 4.7). After only 2 seconds of functionalisation the atomic oxygen percentage 
increased from 0.84% to 35.14%, this remained at ~35% at 15 seconds but dropped to <30% at 50 
seconds (Table 4.1).  
 
 
Figure 4.7: X-ray photoelectron spectra of (a) non-functionalised CNT, and oxygen plasma exposed CNTs 
for (b) 2 seconds, (c) 15 seconds, and (d) 50 seconds. All spectra are illustrated with their identifiable peaks 
i.e. C1s, N1s and O1s, the respective percentages of each atom for each sample are in Table 4.1. 
 
0 200 400 600 800 1000 1200
0
1x10
4
2x10
4
3x10
4
4x10
4
nfCNT
Binding Energy [eV]
C
o
u
n
ts
 [
a
.u
.]
C1s
O1s
(a)
0 200 400 600 800 1000 1200
0
1x10
4
2x10
4
3x10
4
4x10
4
Binding Energy [eV]
C
o
u
n
ts
 [
a
.u
.]
C1s
O1s
N1s
fCNT - 2 s(b)
0 200 400 600 800 1000 1200
0
1x10
4
2x10
4
3x10
4
4x10
4
Binding Energy [eV]
C
o
u
n
ts
 [
a
.u
.]
C1s
O1s
N1s
fCNT - 15 s(c)
0 200 400 600 800 1000 1200
0
1x10
4
2x10
4
3x10
4
4x10
4
Binding Energy [eV]
C
o
u
n
ts
 [
a
.u
.]
C1s
O1s
N1s
fCNT - 50 s(d)
Chapter 4  Functionalisation of CNTs by Oxygen Plasma 
66 
 
This reduction in atomic oxygen percentage at the CNT surface during longer functionalisation times, 
i.e. 50 seconds, may be why the contact angle decreases to a lesser degree, i.e. 17 ᵒ for 50 seconds 
instead of 0 ᵒ for 15 seconds. Additionally, a small quantity of nitrogen was found in the functionalised 
CNT survey scans, which is most likely due to a relatively high pressure (0.15 Torr) during the process 
which may have ionised some remaining nitrogen in the chamber which was not fully evacuated. It is 
worth noting that XPS is a surface technique, generating most of its core shell electrons from the upper 
most 10 nm of the material.178 This is an important point to consider when investigating CNTs, where 
the CNT height can exceed 0.5 mm. 
 
Atom 
Atomic percentage for each sample (%) 
Non-functionalised 
Functionalised   
2 s 
Functionalised  
15 s 
Functionalised  
50s 
C1s 99.16 64.11 64.04 69.95 
N1s 0 0.75 0.94 0.5 
O1s 0.84 35.14 35.04 29.55 
Table 4.1: Atomic percentages for every atom identified on the XPS spectra of each sample. Percentages 
defined by calculating the normalised area under the curve, also sensitivity factors have been used to define 
these atomic percentages, oxygen=0.66 and carbon=0.25. Shirley background used for every peak.  
 
Analysis of the XPS spectra in the binding energy range of the C1s peak revealed six major components 
in all of the spectra (Fig. 4.8) which are summarised in Table 4.2. The two peaks at 284.5 ±0.2 eV and 
285.1 ±0.2 eV were attributed to sp2 C=C bonding and sp3 C-C bonding, respectively. The next three 
peaks are associated with carbon bonded to oxygen containing functional groups, peaks at 286.2 ±0.2 
eV, 287.2 ±0.2 eV, and 288.9 ±0.2 eV representing hydroxyl, carbonyl and carboxyl groups, 
respectively.177 The final shake-up satellite peak at 290.3 ±0.2 eV is attributed to the π→π* transitions 
in aromatic compounds.177,179 
 
The relative bonding in the CNT structure changes with different exposure times to oxygen plasma, 
such that the oxygen functional groups dominate the spectra and CNT graphitisation (sp2 C=C) 
dramatically decreases with all exposure times. This is exemplified by 2 seconds of exposure, as this 
produced the lowest percentage of C=C sp2 bonding and π→π* bonding. Of note is previous work 
which investigated CNT functionalisation, their modelling demonstrated a trend in interaction bonding 
energies as such: hydroxyl(116 kcal/mol)>carboxyl(80 kcal/mol)>carbonyl(70 kcal/mol).177 This trend 
is observed for all CNT functionalised samples created here, with carbonyl bonding dominating over 
the carboxyl and hydroxyl bonding. In addition to increasing the number of oxygen functional groups, 
the exposure to oxygen plasma also decreased the concentration of sp3 C-C bonding. This bonding is 
present in amorphous carbons which may be located either as a defect area of the CNT, or surrounding 
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the CNT walls. This decrease in sp3 C-C by itself would increase the purity of the sample, however this 
improvement is likely to be overshadowed by the dramatic induction of defects in the CNT structure, 
in the form of oxygen functional groups. 
 
 
Figure 4.8: XPS spectra of CNTs, focusing on the C1s peak area. (a) non-functionalised. (b-d) oxygen 
plasma exposed CNTs at 50 W for (b) 2 seconds, (c) 15 seconds, and (d) 50 seconds. Black line is original 
spectrum, blue lines are the fitted peak areas (Gaussian:Lorentzian 70:30) corresponding to Table 4.2, and 
red line is cumulative fit. 
 
Overall, any oxygen plasma exposure time increased the concentration of oxygen containing functional 
groups, however no clear trend between specific groups and functional times was noticed, except that 
the longest exposure time reported higher C=C sp2 bonding compared to the other exposure times. 
Interestingly, the sample which was exposed to oxygen plasma for 50 seconds had a much higher 
percentage of sp2 C=C bonding (27.78 %) compared to 15 seconds (15.15 %) and 2 seconds (11.47 %). 
Concurrently, the carbonyl (C=O) integrated peak area decreases by roughly the same value as the sp2 
C=C increases from the 15 second to the 50 second oxygen plasma functionalised sample. Felten et al 
(2005) modelled the interaction energies of various functionalisation groups and found that CNT=C=O 
required much less energy (-36 kcal/mol) compared to CNT=O (70 kcal/mol) to form.177 This indicates 
that the C=C bond from the CNT to the carbon in the functional group requires much less energy to 
form compared to bonding from the CNT to the oxygen alone. This may indicate that the C=O bonds 
formed may be broken and replaced by C=C bonds between 15 seconds and 50 seconds of oxygen 
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plasma exposure, as broken carbon bonds formed due to the etching process have an available electron 
each which may bond with one another. This does not necessarily mean the bonds are being re-
established in the CNT structure, yet this increase in sp2 C=C bonding coupled with a decrease in atomic 
oxygen concentration, may well explain the increase in contact angle measurements between the 15 
second and 50 seconds oxygen plasma functionalised samples. It is important at this point to consider 
the uncertainty associated with fitting XPS peaks, such as the C1s, with their constituent components. 
As the binding energies of these bonds differ only slightly, less than 1 eV in most cases, in addition to 
variation in these binding energies quoted in the literature,50,177,180 there is potential for error in the 
fitting. Therefore, whilst XPS provides valuable results, the ambiguity of the peak fitting always needs 
to be considered.  
 
Binding Energy 
(eV) 
Peak 
Definition 
Integrated Peak Area (%) 
nf-CNT fCNT - 2 s fCNT - 15 s fCNT - 50 s 
284.6 C=C sp2 40 11.47 15.15 27.78 
285.1 C-C sp3 19.29 12.62 18.21 14.17 
286.2 Hydroxyl 10.28 2.54 1.41 1.67 
287.2 Carbonyl 6 46.19 51.67 38.98 
288.9 Carboxyl 6.6 23.37 9.16 11.61 
290.3 π→π* 13.6 1.56 2.63 2.84 
Table 4.2: XPS peak characteristics and integrated peak areas for non-functionalised and oxygen plasma 
functionalised samples. 
 
4.6.   Raman Spectroscopy Analysis 
Raman spectroscopy is a non-destructive technique which allows the investigation of some structural 
components of CNTs. Raman spectroscopy can provide information on various CNT parameters, 
specifically its ability to determine CNT quality (i.e. defect density) is of interest to this project. The 
ratio of intensity of the D peak to G peak (ID/IG) is a widely used indicator of CNT quality.23,27,176,181 It 
compares the intensity signal from defects to the intensity signal from graphitic carbon, thus the lower 
the ratio the higher the CNT quality. Here, the ID/IG for non-functionalised CNTs was 0.08, indicating 
high quality CNTs with a high degree of graphitisation in the sp2 carbon lattice (Fig. 4.9(a)). Following 
exposure to oxygen plasma for 2 seconds the ID/IG increased to 0.99 (Fig. 4.9(b)), indicating a significant 
increase in defects in the CNT structure. This increase in defects is most likely because of the substantial 
increase in oxygen functional bonding to the carbon in the CNT structure, as demonstrated by the XPS 
spectrum. This increase in C-O/C=O bonding will concomitantly cause a decrease in C=C sp2 bonding, 
resulting in an increase in the D peak intensity. Increasing the oxygen plasma exposure time increases 
the ID/IG such that 15 seconds of exposure produces ID/IG = 1.03 (Fig. 4.9(c)), and 50 seconds exposure 
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time causes ID/IG = 1.25 (Fig. 4.9(d)). Hence, longer oxygen plasma exposure times result in more highly 
defective CNT structures, according to the ID/IG. This is interesting as XPS analysis demonstrated that 
the 50 second exposure time had a higher sp2 C=C surface content compared to the 2 second and 15 
second exposures, perhaps meaning its ID/IG should be comparably lower. However, as mentioned in 
the previous section this C=C bonding is most likely not in the CNT structure, meaning it is not in the 
ordered graphitic lattice and thus may output as a defect. 
 
Another parameter that is commonly analysed when investigating CNT quality is ID/I2D. The 2D peak 
is associated with the ‘long-range ordering’ of CNTs, and thus the ratio of defects to long-range ordering 
can provide information about CNT quality, again the lower the ratio the higher the CNT quality. The 
non-functionalised CNTs recorded a value of 0.21 for ID/I2D, this indicates good long-range ordering 
and minimal defects, which reinforces the ID/IG for these CNTs. As before, exposure to oxygen plasma 
for only 2 seconds substantially increased the ID/I2D to 3.03, signifying a decrease in long-range order 
most likely due to a higher number of defects in the graphitic lattice. Again, an increase in oxygen 
plasma exposure time resulted in an increase in ID/I2D to 3.04 for 15 seconds and 3.51 for 50 seconds. 
 
 
Figure 4.9: Raman spectra of (a) non-functionalised CNTs and CNTs that have been oxygen plasma 
functionalised for (b) 2 seconds, (c) 15 seconds, and (d) 50 seconds. The main peaks which are discussed in 
the text are labelled, i.e. D peak ~1340 cm-1, G peak ~1585 cm-1, and 2D peak ~2680 cm-1. 
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A spectrum can also be ‘fitted’, to reveal the individual peaks which summate to form the original 
spectrum. Carrying out this fitting can help to identify and quantify peaks which may be difficult to 
determine in the original spectrum, in addition to providing other values which can be analysed such as 
the integrated peak area. Peak fitting of the spectra revealed peaks that were not initially present in the 
non-functionalised CNTs (Fig. 4.10), but were present in the oxygen plasma exposed samples, these 
peaks were located at ~1120 cm-1 and 1250 cm-1.  
 
 
Figure 4.10: Raman spectroscopy spectra showing the D peak and G peak region for (a) non-functionalised 
CNTs and CNTs that have been oxygen plasma functionalised for (b) 2 seconds, (c) 15 seconds, and (d) 50 
seconds. All spectra have the original spectrum (black line), the fitted peaks (blue lines) and the cumulative 
fit peak (red line). 
 
The peak at 1120 cm-1 is most likely the D’’ peak which is associated with highly defective CNTs.16 
The appearance of this peak in the oxygen plasma functionalised CNTs is logical, and fits with the 
notion that oxygen plasma functionalisation incurs defects in the CNT structure. The presence of the 
peak at 1250 cm-1 has been noted in previous investigations into oxygen plasma functionalised CNTs, 
where it is associated with defective CNT structures.176 Table 4.3 gives an overview of the relative 
integrated peak areas for each of the samples investigated, to allow accurate comparison. The non-
functionalised CNT fitting differs slightly as the G peak has four separate peaks contained within it 
(related to E2G and E1G symmetrical vibrational modes) compared to the functionalised CNTs G peak 
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which contains one.182 Therefore, the G peak area for the non-functionalised CNTs is the summation of 
the G+ and G- peaks (E2G) at 1561 cm-1 and 1590 cm-1, respectively. The integrated peak areas illustrate 
the decrease in G peak area and increase in D’’, D, and D’ for the functionalised CNTs compared to 
non-functionalised, which in turn demonstrates the increase in defects due to functionalisation (Table 
4.3). Again, the ratio of the D peak to G peak can be analysed, however this time it is in respect to area, 
AD/AG. A similar trend is noted with the area as with the intensity, i.e. the non-functionalised CNT 
displaying a very low AD/AG of 0.21. Following exposure to oxygen plasma for only 2 seconds, this 
value increases sharply to AD/AG = 1.48, then 15 seconds reports a value of AD/AG = 1.43 which is 
broadly similar to 2 seconds of exposure. After 50 seconds of exposure AD/AG = 1.61, again indicating 
that oxygen plasma exposure enhances defect density in the CNT structure, and that longer exposure 
times increase this defect density. 
 
Peak Characteristics Integrated Peak Area (%) 
Centre (cm-1) Nomenclature nf-CNT fCNT - 2 s fCNT - 15 s fCNT - 50 s 
1120 D’’ 0 1.62 2.99 1.38 
1250  n/a 0.66 0.84 1.70 
1345 D 12.3 52.05 49.81 52.09 
1480  9.23 8.15 9.19 8.82 
1587 G 58.1 35.14 34.82 32.45 
1615 D’ 0.9 2.37 2.36 3.57 
Table 4.3: Table of Raman peak fit parameters for the non-functionalised CNTs and oxygen plasma 
functionalised CNTs.  
 
4.6.1.   Raman Spectroscopy – Carbon Nanotube Sidewall Analysis 
Whilst other processes cause functionalisation ubiquitously along the entire CNT structure, such as acid 
functionalisation, the extent of oxygen plasma functionalisation along the CNT structure is contested.49  
Figure 4.3(d) indicates that the functionalisation may be limited to the tip area of the CNT forest, even 
with the longest functionalisation time. This is most likely because acid functionalisation, as with many 
other functionalisation procedures, is achieved by using CNTs suspended in solution, unlike oxygen 
plasma functionalisation which can be performed on vertically-aligned CNTs attached to a substrate. In 
an attempt to resolve this issue, both non-functionalised and functionalised CNT samples were cleaved 
down the middle of the sample, and then the CNT forest was placed perpendicular (side-on) to the laser 
beam and Raman spectroscopy performed. Three measurements were made along the side-walls of the 
cleaved CNT forest, one at the CNT tip, one near the middle and one measurement at the bottom where 
the CNTs contact the substrate. The measurements at the tips of the CNTs (Fig. 4.11(a-b)) resemble the 
Raman spectra in Figure 4.9(a-d), in terms of peak shapes and intensities, where the ID/IG rises with 
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increasing functionalisation time. However, measurements from near the middle (Fig. 4.11(c-d)) and 
bottom (Fig. 4.11(e-f)) of the CNT sidewalls do not follow this trend. In fact, the spectra for all samples 
are almost identical as they demonstrate very similar peaks over the whole spectra, particularly the D 
and G peaks (Fig. 4.11(d) and 4.11(f)). This similarity between the non-functionalised and 
functionalised samples of all time scales infers that the modification of the CNT structure due to 
functionalisation only reaches a definite depth into the CNT forest. This is possibly because the oxygen 
does not permeate into the relatively dense CNT forest, and therefore when it is ionised it is still close 
to the CNT tips and outer forest CNT sidewalls.  
 
 
Figure 4.11: Raman analysis of three different areas of the side of the cleaved CNT forest, all graphs show 
non-functionalised (black), and functionalised for 2 seconds (blue), 15 seconds (red), 50 seconds (green). 
Raman side on at the top (a-b), middle (c-d), and bottom (e-f) of the CNT forest, this is also shown on the 
right side of each graph. 
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4.7.   Summary 
Conclusively, the results in this chapter have demonstrated that exposure to oxygen plasma, even for a 
few seconds, can dramatically affect the CNT structure. Research in the literature indicates the highly 
hydrophobic nature of non-functionalised CNTs, this is corroborated by the contact angle of 137° 
recorded here. Additionally, reports have demonstrated that water does not penetrate into CNT forests, 
even if left for many days on the material surface.4 This highlights the likelihood of an air gap between 
the CNTs (where the inter-CNT distance is roughly 100 nm) as the high contact angle means there is a 
small area of contact between the water and tips of the non-functionalised CNTs. Following oxygen 
plasma exposure the number of oxygen functional groups chemically bonded to the CNT structure rises 
dramatically. This in turn affects the wettability of the now functionalised CNTs with water, such that 
the surface energy of the material has been increased due to oxygen plasma functionalisation and thus 
the contact angle with water decreases. This allows the water to penetrate, via capillary forces,5 between 
the CNTs thus largely increasing the surface area of the CNTs in contact with the liquid compared to 
when the CNTs were non-functionalised. 
 
Interestingly, the increase in atomic percentage of oxygen in the CNT structure reported here is 
substantially larger than the highest percentage reported in the literature, 35.14% here vs. 20% in 
literature.177 This is coupled with a complete wetting behaviour with DI water, i.e. contact angle of 0ᵒ, 
again the best wetting behaviour with water observed for plasma functionalised CNTs thus far is 
5ᵒ.34,130,176 Other research has generally reported that longer functionalisation times produce higher 
atomic oxygen concentration and lower contact angles, until a threshold time where the CNT structure 
begins to be etched.177 The results here indicate that, using the parameters in this experiment, the atomic 
oxygen concentration in the CNT structure reaches a maximum after just 2 seconds of exposure to 
oxygen plasma. This concentration then decreases with relatively longer exposure times of 50 seconds, 
which is parallel with an increase in contact angle and a higher degree of disorder, as determined by 
contact angle and Raman spectroscopy measurements, respectively. The use of RF generated oxygen 
plasma compared to a pulsed DC method, in addition to a lower relative pressure, may aid in the 
differences between the results in this chapter and the literature, where the atomic oxygen concentration 
is lower after similar exposure times.176,177 Raman spectroscopy along the sidewall of the CNTs from 
the centre of the CNT forest also revealed that the oxygen plasma only functionalises the top of the 
CNTs. The oxygen is therefore likely to only diffuse to a certain depth in the CNT forest before it is 
ionised and exerts its effect on the CNT structure. Other reports have noted ubiquitous functionalisation 
along the entire CNT structure which is in contrast to the results presented here.49 It is noteworthy that 
the CNTs in the literature report a maximum height of 10 µm compared to a forest height of 500 µm 
used here. Therefore the oxygen may have been able to diffuse completely into the CNT forest. Overall, 
exposure to oxygen plasma has been demonstrated to dramatically improve the surface wetting of CNTs 
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with aqueous solutions. However, this functionalisation has also been shown to increase the defects and 
thus the disorder within the CNT structure. The knowledge gained from these experiments of using a 
fast and effective functionalisation technique will be taken forward and applied to CNTs PT-CVD 
grown on a complete MEA device.  
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Chapter 5 - Fabrication and Characterisation of 
CNT-based MEAs 
5.1.   Introduction 
MEAs are currently an important research tool, for electrophysiologists in particular. This is due to their 
ability to simultaneously measure bioelectrical signals, generated from a number of spatially separated 
‘excitable’ cells such as neurons and myocardial cells, upon depolarisation of their membrane. With 
multiple electrodes which can themselves be multifunctional and multiplexed, this response can be 
measured at multiple locations over an area covered by a number of these cells. Furthermore, 
researchers can observe where signals propagate over a network of cells and measure dynamic changes 
to this network over time.  
 
Currently, there are a number of commercially available MEAs manufactured for use as 
electrophysiological detectors. A range of electrode diameters are available from 10 µm up to 200 µm 
with varying interelectrode distance depending on the tissue/cell culture being investigated. The 
electrochemical impedance for a commercial electrode of 20 µm diameter, roughly equivalent to a 
single large cell, is approximately 30 kΩ (Table 2.1) where the electrode material is Pt black. 
Improvements have been made to MEAs in terms of interfacial impedance by altering the electrode 
material, as has been discussed previously in Section 2.3.4.2. However, improvements such as 
decreasing the electrode interfacial impedance and improving its mechanical stability, an important 
parameter when using Pt black as the electrode material, can be made. These improvements can 
potentially be realised by the use of CNTs as the electrode material, which provides increased signal-
to-noise, allowing smaller changes in membrane potentials to be analysed over a longer time period. 
Moreover, MEAs can be utilised as electrochemical detectors aiming at tracking the chemical signal 
over a cell culture or tissue slice, an application that has barely been researched (Section 2.3.4.6). As 
such, this chapter describes the fabrication and characterisation of a novel MEA using CNTs grown in 
situ, with a view for use as a biochemical detector with higher sensitivity compared to conventional 
materials, which will be discussed in subsequent chapters. Here, the complete fabrication procedure of 
the MEA is conveyed including CNT growth on the patterned electrode area and oxygen plasma 
functionalisation of those CNTs. The device layout was designed to be a replica of a commercial MEA 
layout, allowing direct comparison between the custom CNT MEA and a state-of-the-art commercial 
MEA. Following fabrication, the devices were characterised by various techniques including 
microscopy, Raman spectroscopy and electrochemical impedance spectroscopy to investigate CNT 
height, CNT type, integrity of substrate, etc. Additionally, the electrochemical impedance spectra of the 
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non-functionalised and functionalised CNTs is comprehensively compared to a commercially available 
MEA, which has electroplated Pt as the electrode material with the same electrode geometric surface 
area (Panasonic MED-P210A Probe™).  
 
5.2.   Device Production 
Two MEA devices were fabricated by the procedure outlined in Figure 5.1. Firstly, 3” silicon wafers 
with a 230 nm silicon dioxide layer were thoroughly cleaned following the substrate cleaning procedure 
outlined in Section 3.1.1. This was followed by a photolithography step, where the photomask is 
outlined by the blue areas in Figure 5.2, this step also included sample metallisation and lift-off (Section 
3.1.2). The Ti was used to improve adhesion between the Pd and SiO2 substrate, Pd was chosen as the 
main track metal for its relative oxidation resistance, high conducivity and high temperature resistance.  
 
 
Figure 5.1: Schematic of the microelectrode array fabrication process discussed in Section 5.2. * represents 
the bond-pad area for the electrode. 
 
Following lift-off, the whole substrate was passivated (Fig. 5.1 – step 2) by RF-sputtering of a SiO2 
target, producing a film of 250 nm thickness (Section 3.1.3). After passivation of the whole substrate, 
a second round of photolithography was completed (Fig. 5.1 – step 3). The procedure was exactly the 
same except the pattern of the mask was different (Fig. 5.2 – green areas).  
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Figure 5.2: Layout of MEA mask for photolithography purposes, blue areas are exposed to UV during the 
first photolithography step (step 1, Figure 5.1). Blue areas are also underneath every green area in this 
design, the blue areas are designed to provide the underlying tracking metal. The green areas are for the 
second UV exposure (step 3, Figure 5.1). 
 
This pattern exposed specific areas of the SiO2 upon development which were etched away in the 
subsequent process, i.e. electrode areas and bond pad areas. The photolithographically defined 
substrates were reactive-ion etched (Section 3.1.4), then bond pads areas were covered and the 
substrates were metallised by DC sputtering of Al/Fe targets. This was followed by a lift-off procedure, 
consequently producing 8 nm/2 nm (Al/Fe) on the electrode areas (Fig. 5.1 – step 4). Finally, CNTs 
were grown on the substrates (Fig. 5.1 – step 5) using the PT-CVD method (Section 3.1.5). 
Temperatures reached 641 ᵒC and 644 ᵒC according to the thermocouple, for the two MEA devices 
produced, respectively (Fig. 5.3). Similar fabrication protocols, which are also MEMS-compatible, have 
been proven to produce functioning CNT-based MEA devices.27,137,142 Here, the use of PT-CVD is 
unique in reducing the substrate temperature to reduce the environmental stress on the device during 
CNT growth. 
 
After CNT growth and characterisation, one of the MEA devices was functionalised using an oxygen 
plasma (Emitech K-1050X) generated at 0.15 Torr with 50 W for 12 seconds with an O2 flow of 15 
sccm. The other MEA device was left non-functionalised for comparative purposes. 
 
20 µm
50 mm
150 µm
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Figure 5.3: Graph to demonstrate the change in temperature of the microelectrode array substrate(s) over the 
CNT growth period. The microelectrode array that went on to be oxygen plasma functionalised is the black 
line, and the microelectrode array that stayed non-functionalised is the red line. The continuous line is the 
pyrometer recording (bottom of substrate) and the dotted line is the thermocouple recording (top of 
substrate). * indicates the change from the annealing stage to the growth stage. 
 
5.3.   Device Characterisation 
Characterisation of the CNT growth included SEM and optical microscopy (Leica DM2500 optical 
microscope) to investigate presence of CNTs. Raman spectroscopy was employed to investigate 
quality/type of CNTs, in addition to EIS to examine the electrode interfacial impedance. The Bode plot 
which includes how phase and modulus impedance change with frequency, and the Nyquist plot which 
indicates the relationship between the real and imaginary impedance, were obtained. All values showing 
an error in this chapter are mean average ±standard error of mean. 
 
5.3.1.   Microscopy 
Following fabrication of the MEA the device was characterised to reveal various aspects of the CNT 
electrodes and the surrounding areas. Initially, SEM was used to determine the presence of CNTs on 
the electrodes.  
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Figure 5.4: Images of microelectrode array after complete fabrication process. (a,b) SEM images of two 
separate electrodes on the non-functionalised microelectrode array. (c) SEM image of an electrode after 
oxygen plasma functionalisation. (d) Optical microscope image of the microelectrode array, black areas 
indicate CNTs only present on electrodes and there is no sign of cracks/perturbations in the SiO2 passivation 
layer after CNT growth. 
 
Figure 5.4(a-b) shows two electrodes on the non-functionalised MEA device after the full fabrication 
procedure. The images demonstrate the presence of short CNTs (≤1 µm) which appear ubiquitous across 
the electrode area. The CNTs were slightly shorter than expected, however CVD-grown CNTs which 
are short (≤2 µm) have been reported to be more practical for biological applications.137 This is primarily 
because longer CNTs, whilst providing a higher surface area, are more easily removed from the 
substrate by electrode cleaning procedures and interactions with biological samples e.g. brain slices.  
 
Even though the CNTs were short, Figure 5.4(c) indicates that the oxygen plasma functionalisation step 
did not remove the CNTs from the electrode. This is because the functionalisation time was kept short 
to prevent etching the sp2 carbon structure, as discussed in Chapter 4 and the literature.176,177 Optical 
microscopy (Fig. 5.4(d)) demonstrates black areas over the electrodes only, this indicates that the CNTs 
grew solely where the catalyst was deposited, i.e. on the electrodes. Moreover, the image confirms that 
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no damage had occurred to the passivating SiO2 layer in response to the rapid heating and cooling 
involved during CNT growth. 
 
5.3.2.   Raman Spectroscopy 
Following the CNT growth step and initial application of microscopy techniques to confirm the 
presence of CNTs, more information about the CNT quality, type and consistency across electrodes was 
examined. Raman spectroscopy is a well characterised, non-destructive technique for assessing 
nanocarbons, specifically CNTs in this case. The Raman spectra (Fig. 5.5(a-b)) shows the distinctive 
peaks associated with CNTs, i.e. D peak at ~1340 cm-1, G peak at ~1590 cm-1 and 2D peak at ~ 2680 
cm-1. In addition, the spectra also report the presence of radial breathing modes (RBM) (140 cm-1 to 280 
cm-1), which will be discussed in more detail shortly.  
 
 
Figure 5.5: Raman spectra of both microelectrode arrays before any post-growth treatment was measured 
from five separate electrodes on each microelectrode array, Array I (a, c) and Array II (b, d). The graphs 
illustrate the main peaks discussed in the text, i.e. radial breathing modes (RBM), D peak, G peak and 2D 
peak. The response of both microelectrode arrays to the 514 nm wavelength laser is shown (a, b), in addition 
to a magnified view of this response in the area of the D peak and G peak (c, d).  
 
(a)
(c)
(b)
(d)
514 nm 514 nm
514 nm 514 nm
D D
D D
2D 2D
G G
GG
RBM RBM
1200 1400 1600 1800
0.0
0.2
0.4
0.6
0.8
1.0
Raman Shift [cm-1]
In
te
n
si
ty
 [
a
.u
.]
1200 1400 1600 1800
0.0
0.2
0.4
0.6
0.8
1.0
Raman Shift [cm-1]
In
te
n
si
ty
 [
a
.u
.]
500 1000 1500 2000 2500 3000 3500
0.0
0.2
0.4
0.6
0.8
1.0
Raman Shift [cm-1]
In
te
n
si
ty
 [
a
.u
.]
500 1000 1500 2000 2500 3000 3500
0.0
0.2
0.4
0.6
0.8
1.0
Raman Shift [cm-1]
In
te
n
si
ty
 [
a
.u
.]
Array I Array II
Chapter 5                                                                Fabrication & Characterisation of CNT-Based MEAs 
81 
 
Firstly, the ID/IG ratio can be calculated to give an indication of the quality of the CNTs. Figure 5.5(a-
b) illustrates the response of two separate MEA devices. The device in Figure 5.5(a), and Figure 5.5(c) 
which is a magnified view of Figure 5.5(a), reported an ID/IG of 0.35 ±0.01 which indicates good 
consistency between electrodes due to the low error. Moreover, the device in Figure 5.5(b), and Figure 
5.5(d), which is a magnified view of Figure 5.5(b), revealed an ID/IG of 0.36 ±0.01, indicating 
consistency between electrodes in terms of CNT quality. An ID/IG of 0.35 ±0.01 is among the best of 
those reported in the literature for the PT-CVD method at a comparable temperature.23,26  
 
Additionally, the ID/I2D is another important parameter to measure when characterising CNTs via Raman 
spectroscopy, as it also provides information about the extent of graphitisation in the CNT structure. 
The ID/I2D values for the two devices in Figure 5.5(a) and Figure 5.5(b) are 0.52 ±0.04 and 0.54 ±0.01, 
respectively. Again the results show both consistency (difference is <5%) between electrodes in the 
same device, and uniformity between the two devices. Additionally, these values broadly agree with 
previous reports into growing CNTs via the PT-CVD method, however some variation would be 
expected as the materials and layer thicknesses are not identical.26 
 
 
Figure 5.6: Raman spectra specifically illustrating the radial breathing mode region for both CNT MEAs 
prior to one being oxygen plasma functionalised (N=6 for both, spectra are overlaid). Peaks located between 
140 cm-1 and 210 cm-1 represent semiconducting (SC) CNTs, those located between 210 cm-1 and 280 cm-1 
represent metallic (M) CNTs.  
 
The presence of RBM indicates that the CNTs are single-walled or few-walled CNTs, instead of multi-
walled CNTs.13,15 Moreover, when using the 514 nm wavelength laser for Raman spectroscopy this 
provides information on the electrical types of CNT present i.e. semiconducting or metallic.23 Using 
this information, peaks found between 140 cm-1 and 210 cm-1 are the response from semiconducting 
CNTs, and peaks found between 210 cm-1 and 280 cm-1 demonstrate metallic CNTs. Figure 5.6(a-b) 
demonstrates six different Raman spectra in the RBM area for both MEAs. In both, peaks are observed 
in semiconducting (SC) and metallic (M) regions, yet the most prominent and larger peaks are found in 
the metallic region, particularly at ~260 cm-1. This result would suggest that the CNTs grown in the 
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electrode areas of the MEA are a mixture of semiconducting and metallic single-walled to few-walled 
CNTs, with metallic CNTs dominating. A higher percentage of metallic SWCNTs is consistent with 
previously demonstrated results using PT-CVD growth at the relatively lower temperatures reported 
here (<650 ᵒC) with the same acetylene/hydrogen ratio.23 
  
After characterising the CNTs on both MEA devices via Raman spectroscopy, one of the devices (Array 
I) was subjected to oxygen plasma functionalisation and then re-examined with Raman spectroscopy to 
assess changes to the CNTs. Figure 5.7(a-b) shows the Raman spectra of the oxygen plasma 
functionalised CNTs, and Figure 5.7(c-d) illustrates how the spectra has changed before (black line) 
and after (red line) oxygen plasma functionalisation.  
 
 
Figure 5.7: Raman spectra of functionalised microelectrode array I, the graphs illustrate the main peaks 
discussed in the text, i.e. D peak, G peak and 2D peak. (a) Spectrum of five separate electrodes after 
functionalisation and (b) magnified view of spectrum (a) focusing on D peak and G peak, indicating good 
consistency between electrodes on the same microelectrode array. (c) Comparison of Raman spectra of the 
same microelectrode array before (black line) and after (red line) oxygen plasma functionalisation. (d) 
Magnified view of (c) indicating change in D peak and G peak due to oxygen plasma functionalisation. 
 
As before, Figure 5.7(a) illustrates the consistency of the CNT quality across five electrodes as the 
spectra closely overlap. Additionally, the D peak and G peak are magnified in Figure 5.7(b) and the 
ID/IG ratio of the oxygen-plasma functionalised CNTs is 0.93 ±0.02, again demonstrating regularity 
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across the electrodes. The overall Raman spectra changed considerably after oxygen plasma 
functionalisation, as shown in Figure 5.7(c), namely both the ID/IG and ID/I2D ratios increase 
considerably from 0.35 ±0.01 to 0.93 ±0.02 and 0.54 ±0.01 to 2.87 ±0.04, respectively. Figure 5.7(d) 
magnifies the D peak and G peak area and displays the alterations to the CNTs due to functionalisation. 
Namely, an increase in the D peak intensity and area in addition to a broadening of the G peak, which 
indicates a substantial increase in defects in the CNT structure.181,183 These defects in the sp2 carbon 
structure are likely to be due to chemically bonded oxygen-containing functional groups, as indicated 
by results in the previous chapter. These oxygen functional groups are important for this application as 
they have been shown to reduce the electrochemical interfacial impedance of CNTs, in addition to 
allowing discrimination between biomolecules due to electrostatic interactions.27,109 
 
5.3.3.   Electrochemical Impedance Spectroscopy 
After establishing the presence of CNTs via microscopy and determining the CNT quality/type before 
and after oxygen plasma functionalisation by Raman spectroscopy, the electrochemical impedance was 
examined. This parameter is particularly important in bioelectrical (electrophysiological) detection 
because of the relatively small currents associated with neuronal action potential firing.184 Here, three 
separate devices were compared via EIS, first a commercially available MEA that has ITO underlying 
tracking and electroplated Pt black (EP Pt) as the electrode material. Second, one novel MEA (Array 
II) that has Pd underlying tracking and ‘non-functionalised’ CNTs as the electrode material, and third, 
one novel MEA (Array I) that has Pd underlying tracking and oxygen plasma functionalised CNT 
electrodes. For all MEAs tested a separated Bode plot and a Nyquist plot was produced. This allowed 
analysis of how the modular impedance (|Z|) and phase changes with frequency (Bode plot). 
Additionally, it permitted observation of the interaction between the real and imaginary components of 
impedance (Nyquist plot), which in turn aids in understanding and producing an equivalent circuit 
model for each MEA.  
 
Initially, the commercial EP Pt MEA was examined and it was found that the response of the |Z| to 
frequency was linear from 10-1 up to ~102 and 105 to 106 (Fig. 5.8(a)). Between 102 and 105 it was almost 
frequency independent. This can be coupled to the phase response with frequency as where the response 
was more resistive (particularly between 103 and 105) the |Z| was more frequency independent. This is 
because the impedance in a resistor is not frequency dependent (Z=R), whereas the impedance in an 
ideal capacitor, which is represented by a -90ᵒ phase response, is frequency dependent (Z=1/jωc) where 
ω=radial frequency. The Nyquist plot (Fig. 5.8(c-d)) indicates the presence of two time constants (τ = 
RC), as demonstrated by the observation of two semicircles,27 these will be discussed in detail shortly. 
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Figure 5.8: Electrochemical impedance spectra of commercial EP Pt microelectrode array. (a, b) Separated 
Bode plot indicating how both |Z| and phase change with the applied frequency of signal. (c) Nyquist plot and 
(d) magnified view of Nyquist plot indicating how the imaginary component of impedance (-Im(Z)) and real 
component of impedance (Re(Z)) interact. 
 
Next, the ‘non-functionalised’ CNT MEA was subjected to the same experimental protocol as the 
commercial EP Pt electrode MEA (Fig. 5.9). Here, the results show a more linear relationship between 
the |Z| and frequency for the majority of electrodes, compared to the commercial EP Pt MEA. 
Additionally, the phase response to frequency is variable between electrodes, however there are 
similarities between electrodes with two capacitive peaks at 100 Hz and ~104 Hz. The Nyquist plot for 
the ‘non-functionalised’ CNT MEA does exhibit two time constants for most of the electrodes tested 
(Fig. 5.9(c) for largest and Fig. 5.9(d) for smaller), this is again similar to the response from the 
commercial EP Pt MEA. 
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Figure 5.9: Electrochemical impedance spectra of non-functionalised CNT microelectrode array. (a, b) 
Separated Bode plot indicating how both |Z| and phase change with the applied frequency of signal. (c) 
Nyquist plot and (d) magnified view of Nyquist plot. 
 
Finally, the same experimental protocol was exacted upon the functionalised CNT MEA, with the 
production of a Bode plot and Nyquist plot (Fig. 5.10). Here, an almost completely linear relationship 
is revealed between the |Z| and the frequency, apart from between 105 and 106 Hz where it is frequency 
independent. The phase response with frequency indicates a more capacitive response overall from the 
functionalised CNTs, as it remains >45ᵒ for the majority of the spectrum (Fig. 5.10(b)). As before, the 
Nyquist plot exhibits two time constants for the functionalised CNT MEA, yet the two semicircles have 
a larger separation, in terms of impedance, compared to the non-functionalised CNT MEA and the 
commercial EP Pt MEA. 
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Figure 5.10: Electrochemical impedance spectra of functionalised CNT microelectrode array. (a, b) 
Separated Bode plot indicating how both |impedance| and phase change with the applied frequency of signal. 
(c) Nyquist plot and (d) magnified view of Nyquist plot. 
 
Figure 5.11 and Figure 5.12 provide a direct comparison by using a representative response from each 
of the three MEAs tested, namely the commercial EP Pt, non-functionalised CNT and functionalised 
CNT MEAs. The separated Bode plot (Fig. 5.11) indicates distinct differences between the responses, 
the most notable of which is the lesser modular impedance of both CNT based electrodes at higher 
frequencies (>103 Hz). This is particularly true for the functionalised CNTs which remain over an order 
of magnitude smaller, in terms of |Z|, compared to the commercial EP Pt MEA between 103 Hz and 106 
Hz. However, at impedances ≤102 Hz there was minimal difference between all MEAs, in terms of 
interfacial impedance. This suggests that CNT electrodes, specifically oxygen plasma functionalised 
CNT electrodes, may be beneficial for detection of biological signals generated/recorded at frequencies 
>102 Hz, due to their relatively low interfacial impedance. This finding will be discussed in more detail 
shortly as it is particularly interesting for bioelectrical signals, such as action potentials which have a 
frequency of ~103 Hz. 
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Figure 5.11: Electrochemical impedance spectroscopy spectra, Bode plot ((a) and (b)) of all MEA types tested 
i.e. commercial EP Pt (black), non-functionalised CNT (red) and functionalised CNT (blue). 
 
Figure 5.12 demonstrates the response of all MEA types tested in the form of a Nyquist plot, allowing 
observable comparisons to be made. The images illustrate the largest time constant (i.e. largest 
semicircle) for every electrode (Fig. 5.12(a)), in addition to the smaller time constant for every 
electrode. This begins with the non-functionalised CNT (Fig. 5.12(b)), followed by commercial EP Pt 
(Fig. 5.12(c)), then the smallest time constant is recorded by the functionalised CNT (Fig. 5.12(d)).  
 
There are a number of equivalent circuit models that can be used when there is an observation of two 
time constants in the Nyquist plot, as has been detected for all three electrode types here. Literature 
searches of similar electrode set-ups revealed a likely equivalent circuit model which is demonstrated 
in Figure 5.13. This fitting is commonly used for insulating coatings covering metal electrodes, as if the 
coating fails a gap/pore is created where the conductive solution can interact with the metal electrode 
underneath the coating. These pores could reasonably be similar to the spaces between CNTs grown on 
metal electrodes, hence the use of this equivalent circuit model.27,185–187 Here, Rs represents solution 
resistance, which is in series with the time constant associated with the porosity (RpoCc) and the time 
constant of the underlying metal electrode (RctCdl). Rpo is the pore resistance of the CNT or EP Pt, in 
addition to the contact resistance between underlying metal and CNT or EP Pt. Cc is the capacitance of 
the coating, which is the capacitance of the CNT or EP Pt in this equivalent circuit. The other time 
constant represents the underlying electrode resistance (Rct) and the double layer capacitance of the 
electrode (Cdl). Rpo illustrates the most dramatic decrease due to oxygen plasma functionalisation, this 
reduction in resistance is most likely due to a change in wetting behaviour of the CNTs. Non-
functionalised CVD-grown CNTs are known to trap air between the CNTs in aqueous solutions, this is 
due to their highly hydrophobic nature, and the trapped air will increase the interfacial impedance of 
the CNT electrode.27,188 Upon functionalisation, which has been proven to dramatic improve the CNT 
wetting with aqueous solutions (see Chapter 4), the pore resistance decreases dramatically. This is most 
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likely due to a substantially increased area of the CNT structure available to the solution, a similar 
improvement due to oxygen plasma functionalisation has been reported previously.27 
 
 
Figure 5.12: Nyquist plot of the response of all three MEA types, commercial EP Pt (black), non-
functionalised CNT (red), and functionalised CNT (blue). Graphs decrease in terms of scale from (a) down to 
(d). (a) Illustrates the largest semicircle for every MEA, (b) shows smaller non-functionalised CNT 
semicircle, (c) shows smaller EP Pt semicircle, and (d) shows smaller functionalised CNT semicircle. 
 
 
Figure 5.13: Likely equivalent circuit model for the electrodes used here. Taken from 27. 
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MEA Type Rs (Ω) Rpo (Ω) Cc (F) Rct (Ω) Cdl (F) 
Commercial EP Pt n/a 1.97 ±0.29 x 104 5.11 ±0.41 x 10-11 1.06 ±0.19 x 107 7.52 ±1.4 x 10-8 
Non-Functionalised 
CNT 
n/a 4.05 ±0.55 x 105 8.96 ±0.78 x 10-9 2.32 ±0.41 x 106 4.62 ±0.89 x 10-8 
Functionalised 
CNT 
n/a 2.4 ±0.07 x 102 8.23 ±0.22 x 10-10 2.25 ±0.49 x 107 9.11 ±1.58 x 10-8 
Table 5.1: Equivalent circuit fitting values of a porous coated metal for all electrodes tested. 
 
Another important value that can be extracted from the electrochemical impedance spectra is the 
interfacial impedance (|Z|) at 1 kHz. As discussed previously this is the frequency of an action potential 
firing in a neuron.189 Upon evaluation of the spectra the |Z| at 1 kHz for the commercial EP Pt MEA 
was found to be 25.6 ±3.82 kΩ (N=8). A slight improvement was made using the non-functionalised 
CNTs as a value of 20.4 ±2.5 kΩ (N=8) was recorded. Better still, the oxygen plasma functionalised 
CNTs yielded a |Z| value at 1 kHz of 2.75 ±0.19 kΩ (N=8), an improvement of just under an order of 
magnitude compared to the commercial EP Pt MEA with electrodes of the same geometric surface area. 
Moreover, the value established for the oxygen plasma functionalised CNT MEA electrode compares 
favourably with some of the best reported value of other MEAs in the literature.  
 
 
Figure 5.14: Graphical representation of Table 5.2, illustrating the electrode interfacial impedance at 1 kHz 
against geometric surface area for numerous literature and commercial MEAs. Here, the values for ‘this 
work’ shown by green stars are for non-functionalised CNT (higher impedance – dashed orange circle) and 
oxygen plasma functionalised CNT (lower impedance – solid orange circle).  
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This is demonstrated in Figure 5.14, which is a graphical representation of how the electrode interfacial 
impedance at 1 kHz changes with geometric surface area for various materials recorded in the literature, 
where generally the interfacial impedance increases with decreasing surface area. The figure also 
demonstrates that nanomaterials, such as CNTs, show much lower interfacial impedance at the same 
geometric surface area, compared to noble metal electrodes such as gold and platinum. In Figure 5.14, 
the green star and blue circle enclosed by the dashed orange circle show the response of the non-
functionalised CNT and the commercial EP Pt MEA electrodes, respectively. These values generally 
agree with others in the graph for Pt black and CNTs. The green star enclosed by the solid orange circle 
is the response for the oxygen plasma functionalised CNTs, which gives one of the lowest values 
available in the literature for an electrode of that geometric area. 
 
5.4.   Summary 
This chapter reports a fabrication procedure for a PT-CVD grown CNT-based MEA, designed with 
electrode areas capable of detecting signals from single cells with future experimental designs in mind. 
This custom functionalised CNT-based MEA has illustrated improvement compared to other MEAs 
reported in the literature, including CVD-grown CNT-based MEAs.27,137,130,141 Namely, the quality of 
the CNTs grown on the patterned electrode areas was much better than previously attained, what’s more 
is the maximum temperature used here was lower than other reports.27,141 This high quality CNT growth 
with relatively lower temperatures using the PT-CVD process has been described in the literature on 
numerous occasions,23,26,181,190 but its application to the production of a MEA device has not been 
accomplished prior to this report. In addition to the high quality CNTs, the measured |Z| value at 1 kHz 
for the functionalised CNT MEA electrodes is one of the lowest recorded when compared to the 
reported data in the literature, for an electrode of its geometric surface area.  The potential for reducing 
the interfacial impedance further is noteworthy, as in electrophysiology the sampling rate can be 
anywhere between 20 kHz and 100 kHz. If the impedance values at these frequencies were compared 
then the functionalised CNT MEA demonstrates a 30 times improvement in impedance at 20 kHz (5.36 
±0.13 x102 Ω vs. 1.64 ±0.20 x104 Ω), and a 40 times improvement at 100 kHz (2.99 ±0.07 x102 Ω vs. 
1.24 ±0.89 x104 Ω), compared to the commercial EP Pt MEA.  This reduction in interfacial impedance 
is concurrent with an increase in defects in the CNT structure, demonstrated by an increase in the ID/IG 
which is due to grafting of oxygen functional groups. Functionalisation of the CNT which results in the 
disruption of the sp2 C=C bonding, similar to acid treated CNTs or plasma functionalised CNTs, usually 
demonstrates an increase in solid-state resistance measurements. This is not the case here, with 
electrochemical interfacial impedance, as the dramatic improvement in material wetting behaviour 
outweighs the loss in conductivity of the CNT due to disruption of the sp2 C=C bonding. This low 
electrochemical interfacial impedance value would likely aid in recording bioelectrical signals, which 
are notoriously minute.2 Potentially, this interfacial impedance value could be decreased further still by 
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increasing the height of the CNTs, which will provide a larger actual surface area for interaction with 
the solution. However, considering potential future biological applications the CNT height should 
remain low, as even though higher surface area may reduce interfacial impedance the taller CNTs are 
far more easily removed from the substrate.137 Following on from these results, the electrochemical 
response of the functionalised CNT MEA will now be tested against the commercial EP Pt MEA. 
Specifically, Chapter 6 will investigate the response to dopamine and determine the sensitivity and 
selectivity of both MEAs for this vital neurotransmitter. 
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Electrode Material 
Geometric Electrode Area 
(µm2) 
|Z| at 1 kHz  
(Ω)  
Ref. 
Au 56.25  6.45 x106  191 
Au 114 1.3 x106  27 
Au 200  5 x106  192 
Au 400  9.4 x105  193 
Au 707  1.3 x106  136 
Au 707  6.43 ± 2.21 x105  140 
Au 2400  3.84 x105  194 
Au 2500  3.35 x105  130 
Au 6400  3.3 x105  195 
Pt/Au coated Si 10 ~3 x106  196 
Pt 900  5.5 x105  197 
Pt 1100  1.5 x105  198 
Pt 1257  4 x106  135 
Pt 1257  2.2 x105  199 
Pt 70686  1.4 x104  199 
Pt Black 56.25  4.3 x104  191 
Pt Black 200 5 x104  192 
Electroplated Pt 900  3.8 x104  197 
Pt Black 1257  7 x104  199 
Pt Black 1600  1.35 x104  200 
Pt black 4417  3.5 x103  201 
Pt Black 70686  2 x103  199 
TiN 707 3.65 ± 0.17 x104  140 
As-Grown CNT 114  2.6 x105  27 
As-Grown CNT 491  ~5 x103  142 
As-Grown CNT 707  2.25 ± 0.19 x103  140 
As-grown CNT 1257  2.5 x104  135 
As-Grown CNT 2500  5.12 x104  130 
As-grown CNT 5027  1 x104  138 
O2 – Plasma CNT 114  7.94 x10
4  27 
Steam Plasma f-CNT 2500  3.49 x103  130 
PEDOT-MWCNT 707  1.2 x104  136 
CNT-Au  400  3.8 x104  193 
SWNT  1257  2.5 x104  199 
MWCNT LbL 502 655  2.77 x102  52 
SWNT  70686  2.1 x103  199 
CNT in flexible 1962.5  1.1 x104  144 
All-MWCNT 10000  5.5 x104  147 
Boron-doped Diamond 962  3.8 x103  145  
ITO 2240  5.35 x105  194 
Ir 2750  6 x105  202 
W wire 4417  1.7 x104  201 
PEDOT  502 655  3.96 x102  52 
IrOx  502 655  6.92 x10
2  52 
Table 5.2: Table to demonstrate the values of impedance at 1 kHz, as determined by electrochemical 
impedance spectroscopy, for various materials of varying electrode surface area. These are the values 
reported in Figure 5.14. 
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Chapter 6 - Electrochemical Detection Using 
Oxygen Plasma Functionalised CNT MEA 
6.1.   Introduction 
This chapter focuses on the development of the fabricated functionalised CNT MEA as an 
electrochemical sensor for the selective detection of dopamine. Dopamine is an important 
neurotransmitter in the mammalian nervous system, it is involved with motivational emotional 
responses and movement, amongst other complex behaviours.203 Concentrations of dopamine available 
in the synaptic cleft have been measured to be in the range of <100 nM to 10 µM upon release from 
vesicles in the presynaptic bulb.125,126 Electrochemical measurement of dopamine in biological systems 
is challenging due to these relatively low concentrations. The difficulty is further enhanced by the 
presence of interfering biomolecules, which are electrochemically oxidised at a similar potential, a 
notable example is ascorbic acid. Ascorbic acid is present extracellularly in the mammalian brain at 
concentrations far exceeding dopamine (up to 100 times higher during a dopamine release event).108 
Ascorbic acid is also known to be oxidised electrochemically at the same or similar potentials to 
dopamine, thus making dopamine concentration measurements problematic.125 The aim of this chapter 
is to determine how the commercial EP Pt MEA, in comparison to the fabricated oxygen plasma 
functionalised CNT MEA, responds to physiologically relevant concentrations of both dopamine and 
ascorbic acid at ~pH 7.4. We expect the charge associated with the molecules at pH 7.4 to allow some 
selectivity using the functionalised CNT MEA. This is due to dopamine being positively charged (pKa 
= 8.9) and ascorbic acid being negatively charged (pKa = 4.1). Thus, there is likely to be electrostatic 
attraction and repulsion, respectively, with the functionalised CNT MEA which has a negative charge 
due to its oxygen functionality.  
 
6.2.   Solution & Equipment Preparation 
Solutions were prepared and maintained according to Section 3.2.7., following this electrochemical 
testing was performed on both the oxygen plasma functionalised CNT MEA and the commercial EP Pt 
MEA. This testing involved voltammetric analysis of solutions containing potassium ferricyanide, 
dopamine, or ascorbic acid at various concentrations. The voltammetric techniques used were cyclic 
voltammetry and differential pulse voltammetry (Section 3.2.8. and 3.2.9.) in order to investigate 
electrode/electrolyte interface phenomena and electrode sensitivity, respectively. 
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6.3.   Potassium Ferricyanide Electrochemistry 
6.3.1.   Cyclic Voltammetry 
Initially, cyclic voltammetry was performed using a commonly used electroactive analyte to assess the 
electrochemical response of both MEAs (commercial EP Pt and functionalised CNT). This electroactive 
analyte was potassium ferricyanide which is a well-known molecule that is redox active via an inner-
sphere reaction, eliciting a one-electron oxidation or reduction.204 The response of both MEAs to 1 mM 
potassium ferricyanide at varying scan rates is shown in Figure 6.1, with oxidation and reduction peaks 
apparent and the peak current increasing with increasing scan rates, as would be expected. Parameters 
such as the peak potential difference (Eq. 6.1) and the formal reduction potential (Eq. 6.2) can aid in 
understanding the electrochemical system.  
 
 ∆𝐸𝑝 = 𝐸𝑝𝑎 − 𝐸𝑝𝑐 Eq. 6.1 
 
 𝐸°′ = 
𝐸𝑝𝑎 + 𝐸𝑝𝑐
2
 Eq. 6.2 
 
In these equations ΔEp represents peak potential difference, Eᵒ’ is the formal reduction potential, Epa is 
the anodic peak potential (oxidation of molecule), and Epc is the cathodic peak potential (reduction of 
molecule). The peak potential difference can help to determine the electrochemical reversibility of the 
electroactive species at the particular electrode, the smaller the peak potential difference the higher the 
reversibility at the electrode (i.e. the electrochemical rate of oxidation/reduction). Ideally, the peak 
potential difference is equal to 59 mV divided by n where n is the number of electrons transferred in 
the reaction, which for potassium ferricyanide is one electron. Here, for the commercial EP Pt MEA the 
Epa was +246 mV and the Epc was +187 mV, producing a ΔEp equal to 59 mV indicating ideal 
reversibility with this molecule at this electrode. The functionalised CNT MEA produced an Epa of +308 
mV and a Epc of +67 mV, generating a ΔEp equal to 241 mV, thus indicating slower charge transfer 
kinetics between this electrode and the potassium ferricyanide compared to the commercial EP Pt MEA. 
Additionally, the formal reduction potential (Eᵒ’) can be determined from these values (Eq. 6.2), with 
a Eᵒ’ equal to +217 mV for the commercial EP Pt MEA and +188 mV for the functionalised CNT MEA. 
This indicates the overpotential necessary for redox reactions of potassium ferricyanide is slightly lower 
at the functionalised CNT MEA compared to the commercial EP Pt MEA. Potassium ferricyanide has 
a net negative charge on the molecule due to the presence of the cyanide ligands, as the functionalised 
CNT MEA also has a net negative charge due to its oxygen functionality, this may explain the slow 
electrochemical transfer rates at the electrode due to electrostatic repulsion.  
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Figure 6.1: Cyclic voltammetry response to potassium ferricyanide (1 mM) in 0.5M KNO3 using (a) 
commercial EP Pt electrode, and (b) functionalised CNT MEA. 
 
Following these results which indicate that both electrodes are capable of producing electrochemical 
responses using a standard system (potassium ferricyanide), experiments on dopamine and its common 
electrochemical interferents were undertaken. 
 
6.4.   Dopamine Detection 
6.4.1.   Cyclic Voltammetry 
The response to dopamine of both MEAs, commercial EP Pt and fabricated functionalised CNT, was 
measured by cyclic voltammetry via two methodologies. These are separate experiments, the first 
involves maintaining a constant concentration of dopamine and varying the scan rate, and then the 
second involves maintaining a constant scan rate and varying the dopamine concentration. Figure 6.2 
demonstrates the response of the commercial EP Pt MEA (Fig. 6.2(a)) and the functionalised CNT 
MEA (Fig. 6.2(d)) to 50 µM dopamine with varying scan rates from 20 mV/s up to 100 mV/s in 10 
mV/s steps.  
 
Using Figure 6.2 the peak potential difference (ΔEp), and formal reduction potential (Eᵒ’), for dopamine 
can be determined (Eq. 6.1 & Eq. 6.2). As the dopamine redox reaction is a two-electron process the 
peak potential difference should ideally be 30 mV. Here, the commercial EP Pt MEA reported a ΔEp = 
103 mV, and Eᵒ’ = +130 mV. The functionalised CNT MEA recorded a ΔEp = 200 mV, and Eᵒ’ = +169 
mV. This result indicates that neither electrode exhibits ideal electrochemical reversibility, with the 
ideal rarely obtained experimentally for many electrode types. The electrochemical reversibility appears 
to be higher at the commercial EP Pt MEA compared to the functionalised CNT MEA for dopamine, 
which indicates faster charge transfer kinetics at the commercial EP Pt MEA. Moreover, the commercial 
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EP Pt MEA demonstrates a lower formal reduction potential, indicating a low overpotential needed to 
oxidise dopamine. 
 
 
Figure 6.2: Response to 50 µM dopamine of (a) commercial EP Pt MEA and (d) functionalised CNT MEA, 
over a range of scan rates from 20 mV/s up to 100 mV/s in 10 mV/s steps. 
 
With both MEAs the peak current increases with increasing scan rate. Investigating whether this 
increase is linearly proportional with scan rate or the [scan rate]1/2 can allow determination of the 
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MEA a graph of the cathodic peak current, determined from the reverse scan, is plotted against both 
[scan rate]1/2 (Fig. 6.2(b)) and scan rate (Fig. 6.2(c)). A linear response using the scan rate is recorded 
over the entire range, this is in contrast to scan rate1/2, indicating that the process is adsorption based 
instead of diffusion based.112 The same response is generated by the functionalised CNT MEA, where 
the response is linear with the scan rate but not with the [scan rate]1/2, again indicating an adsorption 
mechanism instead of diffusion. Electrochemistry involving dopamine, which is an inner sphere 
reaction, is generally reported to be adsorption based particularly when using carbon based 
electrodes.205 As stated previously, the response of the electrode to varying dopamine concentration 
using a constant scan rate of 100 mV/s was also investigated in order to obtain a sensitivity value using 
this technique.  
 
 
Figure 6.3: Cyclic voltammograms showing the response of both (a) commercial EP Pt MEA and (c) 
functionalised CNT MEA to various dopamine concentrations. (a) CV measurement of PBS (black line), 10 
µM, 20 µM, 30 µM, 40 µM, 50 µM and 100 µM of dopamine using the commercial EP Pt MEA at 100 mV/s. 
(b) Relationship between peak current and concentration of dopamine using commercial EP Pt MEA, anodic 
response (black) y=0.0086x+0.1938 with R2 = 0.98, cathodic response (blue) y=-0.0076x-0.5106 with R2 = 
0.96. (c) CV measurement of PBS (black line), 1 µM, 10 µM, 20 µM, 30 µM, 40 µM, 50 µM and 100 µM of 
dopamine using the functionalised CNT MEA at 100 mV/s. (d) Relationship between peak current and 
concentration of dopamine using functionalised CNT electrode, anodic response (black) y=0.0074x-0.0183 
with R2 = 0.99, cathodic response (blue) y=-0.0035x-0.0049 with R2 = 0.99. 
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Figure 6.3(a) demonstrates the response of the commercial EP Pt MEA to various concentrations of 
dopamine, from 10 µM up to 100 µM. The oxidation and reduction peak currents were then measured 
using NOVA 1.11 software analysis and a plot of dopamine concentration vs. peak current was obtained 
(Fig. 6.3(b)). Both anodic and cathodic responses are linear, with sensitivity values of 8.6 pA µM-1 and 
7.6 pA µM-1, respectively.  
 
The same experiment was performed on the functionalised CNT MEA, however this time the 
concentration range displayed is from 1 µM up to 100 µM (Fig. 6.3(c)). The difference is due to the 
functionalised CNT MEA displaying measurable anodic and cathodic peaks in response to 1 µM 
dopamine, whereas the commercial EP Pt MEA did not. Again, a plot of dopamine concentration vs. 
peak current was obtained and this response was also seen to be linear (Fig. 6.3(d)). The anodic 
sensitivity was 7.4 nA µM-1 and the cathodic sensitivity was 3.5 nA µM-1, this is an increase in 
sensitivity of ~860 times and ~460 times for the anodic and cathodic peak currents, respectively, 
compared to the commercial EP Pt MEA. Even though the functionalised CNT MEA displayed a 
substantial increase in sensitivity and observable detection limit compared to the commercial EP Pt 
MEA, the resolvable limit was 1 µM. This limit needs improvement as many dopamine synaptic release 
events in the mammalian central nervous system involve sub-µM concentrations.117,125 
 
6.4.2.   Differential Pulse Voltammetry 
The need for improvement of the observable dopamine concentration resolution limit resulted in 
investigating various concentrations of dopamine using differential pulse voltammetry. Differential 
pulse voltammetry provides an improved sensitivity compared to cyclic voltammetry and is regularly 
used as an electrochemical biosensor technique (Table 6.1). Figure 6.4 illustrates the response of the 
commercial EP Pt MEA to various concentrations of dopamine ranging from 0.2 µM to 50 µM. Three 
measurements of each concentration were taken and mean averaged to assign each dopamine 
concentration a peak current value, the peak position i.e. the oxidation potential, was calculated to be 
+0.13 V. From observing the spectra and using the NOVA 1.11 software analysis the lowest 
concentration of dopamine which produces a measureable response, using the commercial EP Pt MEA, 
is 1 µM. In addition, after plotting the concentration of dopamine against its respective peak current 
value (Fig. 6.6(b)), a sensitivity value for dopamine of 8.3 x10-2 nA µM-1 was obtained for the 
commercial EP Pt MEA over a range of 1 µM up to 10 µM. 
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Figure 6.4: Differential pulse voltammograms demonstrating the response of the commercial EP Pt MEA to 
various concentrations of dopamine, the response of one electrode was tested three times. (a, b, c) Response 
of the electrode to PBS (black line), 0.2 µM, 0.4 µM, 0.6 µM, 0.8 µM, 1 µM, 2 µM, 5 µM, 10 µM, 50 µM. 
 
Following on from this experiment, the functionalised CNT MEA response to the same concentrations 
of dopamine was investigated. Figure 6.5, which shows three measurements but each of these three 
measurements is split into two figures for scaling purposes, illustrates the response of the functionalised 
CNT MEA to dopamine concentrations ranging from 0.2 µM up to 50 µM. An oxidation potential of 
+0.15 V is reported by this electrode and the lowest observable concentration of dopamine is 0.6 µM, 
an improvement from 1 µM using the commercial EP Pt MEA. Moreover, if the concentration of 
dopamine is plotted against its respective peak current value as before, the functionalised CNT MEA 
demonstrates a response of 3.79 nA µM-1. This is an increase in sensitivity of 45 times compared to the 
commercial EP Pt MEA (Fig. 6.6(a)). 
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Figure 6.5: Differential pulse voltammograms demonstrating the response of the functionalised CNT MEA to 
various concentrations of dopamine. The response of one electrode was tested three times and each test time 
has two voltammograms (a & b), (c & d), (e & f). (a, c, e) response of the electrode to PBS (black line), 1 µM, 
2 µM, 5 µM, 10 µM, 50 µM. (b, d, f) response of the electrode to PBS (black line), 0.2 µM, 0.4 µM, 0.6 µM, 
0.8 µM, 1 µM, 2 µM, 5 µM, 10 µM. 
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Figure 6.6: Graph to illustrate the sensitivity of both MEAs to varying dopamine concentrations using 
differential pulse voltammetry (DPV). (a) Graph illustrates how DPV peak current changes linearly with 
dopamine concentration for both functionalised CNT MEA (black) and commercial EP Pt MEA (blue). 
Functionalised CNT MEA reports y=3.79x-0.78 with R2 = 0.99, commercial EP Pt reports y=0.08x-0.05 with 
R2 = 0.99. (b) Enlarged view of commercial EP Pt MEA response shown on graph (a). 
 
This sensitivity value is also analysed against reports available in the literature to determine its ability 
to compete with other fabricated electrodes. Table 6.1 provides an overview of the sensitivities of 
dopamine sensors available in the literature. As noted the electrode sizes vary immensely, making direct 
sensitivity comparison unfair. Thus, the sensitivity density is calculated, i.e. sensitivity per area (µA 
µM-1 mm-2), to allow accurate comparison of devices. It must be noted that there are a number of other 
reports into dopamine detection which were not able to be included. This is because information on 
electrode area and/or sensitivity was not disclosed and therefore no direct comparison could be made 
(e.g. bottom four reports in Table 6.1). Table 6.1 indicates that the sensitivity densities recorded for the 
functionalised CNT MEA compare favourably with those reported in the literature. In fact, only one 
report demonstrated a higher sensitivity density than this novel functionalised CNT MEA. The report 
that recorded a sensitivity density of 26.5 µA µM-1 mm-2 used a molecularly imprinted polymer system 
that required a six minute accumulation time before measurements. Therefore, whilst the sensitivity 
density is impressive, its application would most likely be limited to offline detection (i.e. serum 
samples taken from subjects) as measurements in vivo and in vitro need to be made within seconds of 
dopamine release from synapses.  
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Electrode Technique 
Electrode area 
(mm2) 
Sensitivity 
(µA µM-1) 
Sensitivity/Area 
(µA µM-1 mm-2) 
LOD 
(nM) 
Ref. 
SDS-MWNT DPV 7.1 0.148 2.08 x10-2 3.75 x103 44 
AuNP CPA 4.91 x10-4 1.15 x10-5 2.34 x10-2 10 83 
Laccase-MWNT DPV 7.1 0.61 8.59 x10-2 400 118 
rGO MEA Sensor DPV 0.017 1.91 x10-3 0.11 260 206 
EC rGO DPV 3.14 0.482 0.15 500 111 
PEDOT DPV 4.91 x10-4 9 x10-5 0.18 1000 207 
EP Pt DPV 4 x10-4 8.3 x10-5 0.21 770 This Work 
MIP-PPy DPV 6 1.33 0.22 8.3 x10-3 208 
Nano-Cu/MWNT CV ≥12.6 3.786 0.3 50 112 
CNT Paste DPV 0.79 0.26 0.33 500 209 
PEDOT-CNT DPV 4.91 x10-4 1.8 x10-4 0.37 500 207 
Partially-EC rGO SWV 7.1 3.33 0.47 20 110 
PPy-Gr CPA 3.14 x10-4 1.61 x10-4 0.51 4 163 
DHP-MWNT DPV 7.1 11.33 1.6 11 107 
Tyrosinase-CeO2/ 
TiO2 
CPA 7.854 x10-3 1.42 x10-2 1.81 1 58 
MWCNT CV 5.03 x10-3 1.9 x10-2 3.78 1000 131 
Acid f-MWNT DPV 0.78 5 6.41 200 108 
RuO2-MWNT DPV 9 83.8 9.31 60 113 
f-FWCNT DPV 4 x10-4 3.79 x10-3 9.48 7 This Work 
MIP-Gr-Chit DPV 7.1 188 26.5 0.01 116 
MIP DPV - 0.14 - 130 115 
GO DPV - 0.55 - 270 109 
ZrO2-rGO DPV - 4.01 - 100 114 
CNT nanoweb DPV - 14.69 - 1000 210 
Table 6.1: An overview of reports investigating the sensitivity of the fabricated sensor to dopamine. 
Specifically illustrating the sensitivity density of the electrodes and how the reported value in this report is 
highly competitive with those found in the literature. The reports are listed from lowest sensitivity density to 
highest, with the addition of reports which do not specify an electrode area and thus cannot be compared. 
For technique, DPV – differential pulse voltammetry, CPA – constant potential amperometry, CV – cyclic 
voltammetry, and SWV – square wave voltammetry. 
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6.4.3.   Limit of Detection 
The theoretical limit of detection (LOD) was calculated for each electrode to allow comparison to other 
electrode types in the literature. This value is the equivalent of three times the signal-to-noise ratio and 
is determined by Eq. 6.3, where Sb is the relative standard deviation (RSD) of the electrode response in 
the control solution (PBS here) and m is the slope of the linear calibration plot for the redox species of 
interest (dopamine in this case).58  
 
 𝐿𝑂𝐷 = 3𝑆𝑏 𝑚⁄  Eq. 6.3 
 
Here, five measurements of the blank solution were taken for each MEA type, commercial EP Pt (Fig. 
6.7(a)) and functionalised CNT (Fig. 6.7(b)). The RSD of the commercial EP Pt MEA was determined 
to be 2.1 x10-2 nA, the linear calibration plot for the dopamine response was 8.3 x10-2 nA µM-1, thus 
the LOD for the commercial EP Pt MEA was found to be 770 nM. Using the same approach, the RSD 
of the functionalised CNT MEA was determined to be 8 x10-3 nA, the linear calibration plot for the 
dopamine response was 3.79 nA µM-1, thus the LOD for the functionalised CNT MEA was found to be 
6.71 nM. This is roughly an improvement of 115-fold using the functionalised CNT MEA compared to 
the commercial EP Pt MEA. 
 
 
Figure 6.7: Repeat measurements (N=5) of PBS using (a) commercial EP Pt MEA and (b) functionalised 
CNT MEA. RSD were obtained for each electrode for limit of detection calculations. 
 
6.4.4.   Repeatability 
Consistency in terms of measurement of dopamine concentration by MEAs is important, and therefore 
each MEA was subjected to repeat measurements of 10 µM dopamine (Fig. 6.8(a-b)) to determine errors 
in the measurements. This particular concentration was chosen as it is near physiological range and is 
detectable for both MEA types. The electrodes were rinsed twice with ultrapure water (18.2 MΩ) 
between runs and were allowed a three minute ‘settling’ time before each measurement to ensure 
(a) (b)
-0.1 0.0 0.1 0.2 0.3 0.4 0.5
4
6
8
10
Potential [V (vs. Ag/AgCl)]
C
u
rr
en
t 
[n
A
]
-0.1 0.0 0.1 0.2 0.3 0.4 0.5
40
60
80
100
Potential [V (vs. Ag/AgCl)]
C
u
rr
en
t 
[n
A
]
Chapter 6                         Electrochemical Detection Using Oxygen Plasma Functionalised CNT MEA 
104 
 
evenness. The peak currents were calculated for each run (N=10 for each), then the mean and the 
standard deviation for the response was computed. From this the RSD for the response to 10 µM 
dopamine for each MEA was determined, this value can give an indication of the consistency (precision) 
for measuring near physiological concentrations of dopamine for both MEAs. The commercial EP Pt 
MEA recorded a mean of 0.13 nA with a standard deviation of 0.05 nA resulting in a RSD of 40%. The 
functionalised CNT electrode recorded a mean response of 49.8 nA with a SD of 1.45 nA resulting in a 
RSD of 3%. This result indicates a high degree of repeatability when using the functionalised CNT 
MEA for dopamine detection that appears to be far superior compared to the commercially available 
EP Pt MEA.  
 
 
Figure 6.8: Differential pulse voltammograms of (a) commercial EP Pt MEA and (b) functionalised CNT 
MEA, both showing repeated measurements (N=10) of 10 µM dopamine. PBS is the black line in both and 
graphs have been processed so that the peak height is the same for each run. 
 
6.5.   Ascorbic Acid Detection 
6.5.1.   Cyclic Voltammetry   
Similar to investigations into the response of both MEAs to dopamine, the response to ascorbic acid 
was measured in two ways. Firstly, the response to ascorbic acid by both MEAs was determined by 
varying the scan rate at a fixed concentration of 100 µM. Secondly, the response was examined by 
varying the concentration of ascorbic acid at a fixed scan rate of 100 mV/s.  
 
Figure 6.9(a) demonstrates the response of the commercial EP Pt MEA to 100 µM ascorbic acid over a 
range of scan rates from 20 mV/s to 100 mV/s, increased in 10 mV/s steps. No discernible oxidation or 
reduction peaks are observed over the scanned potential window for any scan rate used here. In contrast, 
the functionalised CNT MEA reports a more substantial response to 100 µM in the same potential 
window (Fig. 6.9(b)). Again, no recognisable oxidation peak is present in the scanned potential window, 
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however the substantial increase in current in the forward scan from +0.25 V to +0.5 V indicates 
oxidation of the ascorbic acid. 
 
 
Figure 6.9: Voltammetric response of (a) commercial EP Pt MEA and (b) functionalised CNT MEA to 100 
µM ascorbic acid using scan rates of 20 mV/s up to 100 mV/s, in 10 mV/s increments. 
 
The commercial EP Pt MEA did not display any oxidation or reduction peak as the concentration of 
ascorbic acid increased (Fig. 6.10(a)). Although an increase in current is seen with increasing ascorbic 
acid concentration in the forward scan from ~+0.1 V to +0.5 V, there is no recognisable oxidation peak 
present. This may be because the concentration of ascorbic acid is not high enough to register a peak, 
or the oxidation potential is higher than the potential window scanned here. Figure 6.10(b) demonstrates 
that the functionalised CNT MEA displays a considerable increase in anodic current in response to 
increasing concentrations of ascorbic acid, even though no distinct oxidation or reduction peaks are 
discernible. As has been stated, an increase of this magnitude was not observed with the commercial 
EP Pt MEA. 
 
 
Figure 6.10: Voltammetric response of (a) commercial EP Pt MEA and (b) functionalised CNT MEA to PBS 
(black line) and various concentrations of ascorbic acid (100 µM, 200 µM, 400 µM and 500 µM). 
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6.5.2.   Differential Pulse Voltammetry 
Differential pulse voltammetry was performed to confirm the response of both electrodes to ascorbic 
acid, i.e. a diminished response by the commercial EP Pt MEA and a substantial response by the 
functionalised CNT MEA.  
 
 
Figure 6.11: Differential pulse voltammograms of response to various concentrations of ascorbic acid. (a, c, 
e) Responses of one commercial EP Pt electrode, (b, d, f) Responses of one functionalised CNT electrode, to 
PBS (black line), 100 µM, 200 µM, 300 µM, 400 µM, 500 µM ascorbic acid. 
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Figures 6.11(a), (c) and (e) illustrate the response of the commercial EP Pt MEA to the same ascorbic 
acid concentrations that were tested by cyclic voltammetry. As with cyclic voltammetry, there is no 
discernible oxidation peaks in the potential scan window tested, although the current increases 
marginally with increasing ascorbic acid concentration. Figures 6.11(b), (d) and (f) clarify the response 
of the functionalised CNT MEA to ascorbic acid, in terms of its ability to oxidise the biomolecule. 
Substantial and broad oxidation peaks are observed at an oxidation potential of ~+0.4 V for ascorbic 
acid, with increasing anodic peak current in response to increasing ascorbic acid concentration.  
 
These peak currents were measured and a linear relationship is observed for increasing peak current in 
response to increasing ascorbic acid concentration (Fig. 6.12). The functionalised CNT MEA recorded 
a sensitivity of 0.46 nA µM-1 for the oxidation of ascorbic acid, whereas no oxidation peaks were 
identifiable using the commercial EP Pt MEA therefore no sensitivity measurements were made. 
 
 
Figure 6.12: Response of functionalised CNT MEA to various concentrations of ascorbic acid, measured 
using differential pulse voltammetry. A linear response was recorded with y=0.00046x-0.00646 (R2 = 0.99). 
 
6.6.   Interferents 
Other biochemical interferents for dopamine, besides ascorbic acid, which oxidise at a similar potential 
are present in biological systems. There are many examples of these such as L-DOPA, serotonin, 
noradrenaline, uric acid etc. Here, we investigated the response of both MEAs to noradrenaline and uric 
acid using both cyclic voltammetry and differential pulse voltammetry. Noradrenaline was used as it is 
a neurotransmitter alike to dopamine, with only an additional hydroxyl group on noradrenaline the 
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separate noradrenaline and dopamine using electrochemical means.126,207 Uric acid was also tested 
because of its existence in the extracellular fluid of the nervous system, again at relatively higher 
concentrations than dopamine. Measured responses to these biomolecules by the commercial EP Pt 
MEA using cyclic voltammetry indicate that the electrochemical response to uric acid is similar to 
ascorbic acid, i.e. significantly diminished (Fig. 6.13(a)). This is in comparison to the clearly observable 
redox peaks associated with relatively lower concentrations of noradrenaline and dopamine. 
Interestingly, the noradrenaline redox peaks appear larger than the dopamine redox peaks for the same 
concentration. Exactly the same experiment, with the same biomolecules and their respective 
concentrations, was performed on the functionalised CNT MEA using cyclic voltammetry. A difference 
between the response of the commercial EP Pt MEA and the functionalised CNT MEA is noticeable 
between the two graphs (Fig. 6.13(a) vs. Fig. 6.13(b)). Namely, the functionalised CNT MEA displays 
a substantial oxidative current for both uric acid and ascorbic acid, which the commercial EP Pt MEA 
did not. Additionally, a redox response is observed for both dopamine and noradrenaline of the same 
concentration, yet the dopamine response appears larger than noradrenaline. 
 
 
Figure 6.13: Cyclic voltammograms illustrating the response of both (a) commercial EP Pt MEA and (b) 
functionalised CNT MEA to PBS (black), ascorbic acid (blue), uric acid (brown), noradrenaline (green), and 
dopamine (red). 
 
To confirm oxidation of these biomolecules and the oxidation potential that this occurs at, differential 
pulse voltammetry was performed on both MEAs. Figure 6.14(a) displays the response of the 
commercial EP Pt MEA to the same biomolecules as before, but with different concentrations. A similar 
trend is observed in that there is no readily observable oxidation of ascorbic acid or uric acid. Yet there 
are oxidative peaks in response to dopamine and noradrenaline. Oxidation potentials of +110 mV and 
+130 mV are recorded for noradrenaline and dopamine, respectively, with a larger peak current for 
noradrenaline making the separation of these biomolecules challenging. Figure 6.14(b) illustrates the 
response of the functionalised CNT MEA to the same biomolecules, with oxidation peaks present in all 
of the voltammograms. Peak currents for the oxidation of uric acid and ascorbic acid are substantially 
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larger than for dopamine and noradrenaline, but the separation of the oxidation potentials are also 
considerable. Uric acid and ascorbic acid oxidation potentials are +410 mV and +420 mV, respectively, 
however the dopamine and noradrenaline oxidation potentials are +151 mV and +180 mV, respectively. 
This provides a separation of 260 mV and 270 mV for uric acid and ascorbic acid compared to 
dopamine, indicating the ability to discriminate between these biomolecules even though they are all 
readily oxidised by the electrode. These peak separations are wider than others reported in the literature, 
i.e. 146 mV and 130 mV, using similar devices and/or electrode materials.113,163 As with the commercial 
EP Pt MEA, the functionalised CNT MEA cannot easily discriminate between noradrenaline and 
dopamine, however the peak current for noradrenaline (1.9 nA) was considerably less than for dopamine 
of the same concentration (18.6 nA). 
 
 
Figure 6.14: Differential pulse voltammograms illustrating the response of both (a) commercial EP Pt MEA 
and (b) functionalised CNT MEA to PBS (black), ascorbic acid (blue), uric acid (brown), noradrenaline 
(green), and dopamine (red). 
 
6.7.   Summary 
In summary, this chapter conceivably argues the case for using oxygen plasma functionalised CNTs, 
grown on the MEA device by PT-CVD, as a suitable material for electrochemical detection of 
dopamine. Cyclic voltammetry and differential pulse voltammetry were both used to measure the 
sensitivity of the MEAs in response to physiologically relevant concentrations of dopamine. The 
sensitivity values recorded for the functionalised CNT MEA by CV and DPV broadly agree (7.6 nA 
µM-1 and 3.8 nA µM-1, respectively), yet the values calculated for the commercial EP Pt MEA differ 
largely (8.3 pA µM-1 and 83 pA µM-1). This difference may potentially be due to biofouling of the 
electrode during previous runs when investigating relatively higher concentrations of dopamine by 
CV.211 Using DPV a sensitivity density value of 9.48 µA µM-1 mm-2 was calculated for the 
functionalised CNT MEA, which is competitive with values reported in the literature. In addition, an 
observable limit of detection of 600 nM and a theoretical limit of detection of 7 nM was determined 
using differential pulse voltammetry. These values are substantially improved compared to the 
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commercially available EP Pt MEA. This is most likely due to the dramatically increased surface area 
available for electrochemical reactions associated with the use of vertically grown CNTs.137 The 
repeatability, in terms of measuring dopamine, was determined to be acceptable for the functionalised 
CNT MEA with a RSD of 3% between measurements of 10 µM dopamine. However, the repeatability 
between 10 measurements of 10 µM dopamine using the commercial EP Pt MEA was poor, with a RSD 
of 40% between measurements. This relatively large difference between measurements could have a 
number of explanations, however most likely is the small signal produced in response to 10 µM 
dopamine. This, in turn, means the effect of dissolved oxygen in the solution and biofouling via the 
oxidised dopamine product is more significant and can affect the peak current measurements by 
manipulating the baseline and reducing the peak current.  
 
The response of both electrodes to ascorbic acid was also measured because it is the main interferent of 
dopamine detection by the electrochemical oxidation method.109,163,212,213 The commercial EP Pt MEA 
recorded no observable redox response, in the potential window tested, to ascorbic acid concentrations 
that far exceeded those tested for dopamine. On the other hand, the functionalised CNT MEA displayed 
large peak currents for the oxidation of ascorbic acid. This is contrary to results demonstrated in the 
literature for both materials, where electroplated Pt has been reported to oxidise ascorbic acid, and 
CNTs with high oxygen functionality have been shown not to oxidise ascorbic acid. The main reason 
for this may be biofouling of the commercial EP Pt MEA by ascorbic acid oxidation products, as the 
concentrations of ascorbic acid tested here are relatively high. Also, the functionalised CNT MEA 
reveals oxidation of ascorbic acid yet there should be electrostatic repulsion at neutral pH, meaning the 
ascorbic acid oxidation should be limited. However, the relatively large areas, compared to the CNT 
diameter, between the grown-CNTs potentially means the solution can penetrate between the CNTs and 
reach the metal underlying electrode where the ascorbic acid could get oxidised, this is also possibly 
the case for dopamine. 
 
In addition to testing ascorbic acid, others interferents, noradrenaline and uric acid, were also tested and 
compared in the same graph to responses from dopamine and ascorbic acid. The commercial EP Pt 
MEA oxidised both dopamine and noradrenaline, but did not appear to oxidise ascorbic acid and uric 
acid of a higher concentration. The functionalised CNT MEA oxidised all biomolecules tested. Yet, it 
demonstrated a peak separation between dopamine and ascorbic acid/uric acid of ~250 mV, indicating 
the potential for separation of these biomolecules in a mixture. Neither MEA was able to separate the 
signals of dopamine and noradrenaline, while the commercial EP Pt MEA showed higher oxidative 
current for noradrenaline compared to dopamine, the functionalised CNT MEA illustrated the opposite 
trend. This inability to discriminate between these biomolecules is common for oxidation based 
electrochemical sensors, most likely due to their very similar chemical structure.207 Although some 
reports have demonstrated selectivity between these two biomolecules, these experiments have used 
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either molecularly imprinted polymers or have measured the response of a downstream product of 
dopamine oxidation.58,116 Selectivity between these biomolecules is only a challenge when the area of 
the brain being tested has co-localisation of noradrenaline and dopamine releasing neurons. Yet, 
selectivity against ascorbic acid and uric acid is a more common problem due to their ubiquity in the 
extracellular fluid of the central nervous system, and at much higher concentrations than dopamine. 
Therefore, the selective response for dopamine demonstrated by the commercial EP Pt MEA is useful, 
however the relatively high detection limit and lack of repeatability means this MEA may not be 
appropriate for electrochemical detection purposes. The functionalised CNT MEA revealed a good 
detection limit for dopamine and a very high sensitivity considering its geometric surface area. In 
addition, it showed reasonable selectivity for dopamine against both ascorbic acid and uric acid, in 
terms of the separation of oxidation potentials. These results indicate that the functionalised CNT MEA 
may be appropriate for use as an electrochemical sensor for dopamine, with the possibility for in vitro 
or in situ detection.  
 
However, some limitations were recorded when using the functionalised CNT MEA, these were the 
structural integrity of CNTs on the device and the onset of the oxidation potential of ascorbic acid. The 
structural integrity of CNTs on the device refers to the ease with which the CNTs were removed from 
the electrode areas. Figure 6.15 demonstrates the functionalised CNT MEA before (Fig. 6.15(a)) and 
after (Fig. 6.15(b)) use for electrochemical detection, where after use is defined as ≥100 experimental 
runs. In Figure 6.15(a) all the electrodes are black due to the presence of CNTs. After continual use 
these CNTs seem to be removed from the electrode as demonstrated by the lightening of the electrode 
colour as demonstrated in Figure 6.15(b). The removal of these CNTs could have been due to one of 
two reasons, firstly the washing steps which are necessary to clean the electrodes could have 
mechanically removed them from the surface after a number of washes. Secondly, the aluminium 
interlayer which is exposed to the solution could have been dissolved, thus releasing the CNTs from the 
electrode surface. Reports have demonstrated the electrochemical dissolution of aluminium, in solutions 
containing sodium chloride, at potentials between 0.1 V and 0.8 V.214,215  
 
Additionally, as discussed the onset of the oxidation potential for ascorbic acid could be a challenge. 
This is because even though the oxidation potential for ascorbic acid using the functionalised CNT 
MEA was ~420 mV, the biomolecule started oxidising at ~130 mV. This means that low concentrations 
of dopamine (<1 µM) may be difficult to determine in a mixture containing a relatively high 
concentration of ascorbic acid.  
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Figure 6.15: Images of functionalised CNT MEA (a) before and (b) after use for electrochemical detection. 
The electrodes in use appear to have had the CNTs removed as they are not black any longer. 
 
Thus, in an attempt to circumvent these issues a novel MEA design was realised which used a new 
material structure for growing CNTs, this in turn promoted adhesion of the CNTs to the substrate. This 
microelectrode array design, along with the device characterisation, is discussed in detail in Chapter 7.  
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Chapter 7 - Novel CNT-Based MEA Design and 
Characterisation 
7.1.   Introduction 
This final results chapter aims to improve the design of the CNT microelectrode in terms of its 
robustness, whilst maintaining as far as possible, the electrochemical properties displayed in Chapter 6. 
The excellent mechanical properties of CNTs are well known, as they display a larger Young’s modulus 
than steel in addition to flexibility.37,39 Despite these exceptional properties, CNTs that are CVD-grown 
on a substrate are relatively easy to remove as their bonding to the substrate is weak. This, in turn, 
makes re-using a device with CVD-grown CNTs challenging, and if the sample is biological in nature 
(i.e. brain slice) the detached CNTs may interact with the cells or tissue in adverse ways. Thus, a novel 
method which involves the use of a thin (<10 nm) protective layer deposited on top of the catalyst layer, 
prior to CVD-assisted CNT growth, was incorporated to improve CNT adhesion to the substrate. 
Additionally, the process steps were altered to shorten the fabrication procedure (by removing the 
insulation etching step), hence hopefully improving the ease of production. 
 
7.2.   MEA Fabrication Procedure 
Many of the process steps involved in fabricating this MEA are similar to those used in Chapter 5, 
although this procedure uses a passivation step at the end which will be described in detail here. Firstly, 
3” silicon wafers with a 230 nm silicon dioxide layer were thoroughly cleaned following the substrate 
cleaning procedure outlined in Section 3.1.1. This was followed by a photolithography step, where the 
photomask is outlined by the blue areas in Figure 5.2. This step also included sample metallisation and 
lift-off, thus completing step 1 in Figure 7.1 (Section 3.1.2). It must be noted during sample 
metallisation a protective layer was also DC sputtered on top of the Fe catalyst, it is used to promote 
adhesion of the PT-CVD-grown CNTs to the substrate. After patterning of the substrate with the correct 
metal layers, CNT growth by PT-CVD was performed as per Figure 7.1 – step 2 (Section 3.1.5).  
 
Following successful CNT growth the sample was ready for the final stage of processing, which was 
the deposition of SU-8 (MicroChem Corp.), an insulating layer. SU-8 2015 was spin-cast onto the 
substrate in a two-step regime, an initial ‘spreading’ at 500 rpm for 10 seconds was exacted with an 
acceleration of 100 rpm/s, followed by a spin-coating at 2000 rpm for 30 seconds, with a 300 rpm/s 
acceleration for the second step. Following a 30 minute rest period on a level surface, the sample was 
placed on a hot plate and the temperature slowly increased (~18ᵒC min-1) until it reached 95ᵒC where it 
Chapter 7                                                             Novel CNT–Based MEA Design and Characterisation 
114 
 
remained for 4 minutes, and the sample was then slowly cooled to room temperature (-5ᵒC min-1). After 
this ‘soft-bake’ stage, the sample underwent the UV exposure stage (Karl Suss MA1006 Mask Aligner 
– i line) for 22 seconds at 7 mW/cm2 (154 mJ/cm2), this was followed by an immediate ‘post-exposure 
bake’. The post-exposure bake used the same slow ramping as the soft-bake stage to reach 95ᵒC where 
it remained for 5 minutes, again followed by the same slow cooling procedure to room temperature. 
The sample was developed in EC solvent (Microposit™) for 4 minutes, followed by gentle washing in 
iso-propanol and carefully dried using a N2 air gun to remove the remaining solvent on the sample. The 
final step in this process was to hard-bake the SU-8, which involved slowly heating the sample on a 
hotplate to a temperature of 170 ᵒC where it remained for 10 minutes, followed by a slow cooling to 
room temperature. These parameters generated an insulating layer of ~28 µm, with the electrode and 
bond pad areas exposed (Fig. 7.1 – step 3). 
 
Following this SU-8 deposition step, the CNT MEA device was functionalised using an oxygen plasma 
(Emitech K1050X) generated at 0.15 Torr with 50 W for 12 seconds with an O2 flow of 15 sccm. 
 
 
Figure 7.1: Schematic of the fabrication process of the novel microelectrode array. * represents the working 
electrode bond-pad area. 
 
7.3.   Device Characterisation 
There were a number of characterisation procedures carried out at various places during the device 
fabrication. SEM imaging and Raman spectroscopy was performed after CNT growth, and prior to the 
SU-8 spin-casting, for a number of reasons. Firstly, SEM imaging provides information on the presence 
and height of CNTs, this in turn dictates the SU-8 thickness necessary for the device. Secondly, Raman 
spectroscopy provides information on the CNT quality prior to SU-8 spin-casting, therefore Raman 
spectroscopy can also be carried out after the SU-8 procedure to observe any changes in CNT quality.  
 
Chapter 7                                                             Novel CNT–Based MEA Design and Characterisation 
115 
 
Following the functionalisation step, this novel functionalised CNT MEA was then characterised using 
similar techniques to those described in Chapter 5 and Chapter 6. Namely, SEM images (Section 3.2.1) 
and Raman spectroscopy (Section 3.2.5) spectra were taken to observe changes in CNT morphology 
and quality. Furthermore, electrochemical impedance spectroscopy (Section 3.2.6), cyclic voltammetry 
(Section 3.2.8), and differential pulse voltammetry (Section 3.2.9) were carried out on two different 
electrode sizes to determine the interfacial impedance of the electrodes, in addition to their 
electrochemical response to dopamine and its interferents. All values stated with regards to Raman 
spectroscopy and electrochemical impedance spectroscopy are the mean average ±standard error of 
mean. 
 
7.4.   Imaging of CNT Growth & Device 
The first step was to observe whether the protective layer used would indeed improve the retention of 
the CVD-grown CNTs onto the substrate. To do this metallic interlayers plus a catalyst layer were 
deposited on a substrate using the same architecture, with one of the substrates also having a thin 
protective layer deposited on top of the catalyst (Section 3.1.1.1 for details). The samples then 
underwent PT-CVD-assisted CNT growth under exactly the same conditions. Following this both 
samples with CNTs grown on them were subjected to ultrasonication in DI water at 400 W (Ultrawave 
Qi-400) for a sustained period of one minute. Figure 7.2 demonstrates the CNT growth on both samples, 
in addition to images of the samples after the sonicating procedure. The first observation is that the use 
of the protective layer on top of the catalyst still permitted CNT growth (Fig. 7.2(a-b)). The CNTs on 
both samples were vertically aligned, yet the CNTs grown on the sample with the protective layer were 
substantially smaller (~5 µm) than the CNTs grown without a protective layer (~35 µm). This may be 
due to the interaction of the protective layer with the incident light from the IR lamps providing energy 
to the catalyst layer in the PT-CVD system. This interaction may reduce the energy reaching the 
catalyst, consequently either delaying the onset of growth or reducing the diffusion of acetylene to the 
catalyst surface. Interestingly, following the sonication procedure the sample with no protective layer 
had the CNTs almost completely removed from the surface (Fig. 7.2(c,e)). However, the sample with 
the protective layer above the catalyst retained what appeared to be the majority of the CNTs on the 
sample surface. These CNTs appear packed/bundled in Figure 7.2(d) as the Van der Waals forces 
between the CNTs, in addition to their hydrophobicity, causes the air space between them to be reduced 
as the solution dries.216 
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Figure 7.2: SEM images of CNT growth (a,b), and reaction to subsequent sonication (c-f), either using a 
protective catalyst layer (b,d,f), or not (a,c,e). 
 
Following on from this initial finding, the devices were fabricated as described in Section 7.2 and 
images were taken before the SU-8 spin-casting, in addition to after the process. Figure 7.3(a) conveys 
that CNTs were grown ubiquitously on electrode and track areas for both electrode sizes tested (150 
µm diameter circular and 20 µm diameter square) where the metallic catalyst layers were patterned. 
Figures 7.3(b-d) provide a closer investigation of the CNT growth on the sample, indicating a relatively 
uniform height between electrodes and tracks of ~18 µm. The CNTs have also grown taller at the edges 
of the tracks and electrodes compared to the centre, this is potentially because of higher surface area 
available for catalytic activity of the formed Fe nanoparticles during CNT growth.217 
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Figure 7.3: SEM images of various areas of the CNT-based MEA prior to SU-8 processing step. 
 
Imaging was again employed after SU-8 processing to observe the quality of the SU-8 insulating and 
patterning process, in addition to whether the CNTs survived the procedure and if they were exposed 
in the desired locations, i.e. electrode areas. Figure 7.4(a) demonstrates, via optical microscopy, a 
continuous SU-8 layer above the tracks with openings in the electrode areas. These openings are black, 
most likely due to the presence of exposed CNTs where the SU-8 has been removed. Measurements of 
electrode diameter using ImageJ analysis revealed a diameter of 16 µm, considering the electrode is 
also not a perfect square this produces a geometric surface area for the electrode of <256 µm2. Figure 
7.4(b-d) confirms the retention of CNTs after the SU-8 processing step, but these CNTs are no longer 
vertically aligned because as the solution has evaporated during the SU-8 processing, the strong Van 
der Waals interactions caused the hydrophobic CNTs to ‘bundle’.216 
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Figure 7.4: Optical microscope and SEM images of patterned areas after SU-8 processing indicating the 
exposure of CNTs in desired electrode areas. (b) Image taken at 16 µm diameter electrode, (c) image taken at 
150 µm diameter electrode, (d) image taken in bond pad area. 
 
7.5.   Raman Spectroscopy 
Raman spectroscopy was undertaken for two main reasons, firstly to determine the CNT type/quality 
and secondly to observe if the CNTs were affected by the SU-8 photolithography step (Fig. 7.1 – Step 
3). Figure 7.5 displays the spectra of six separate electrodes that were measured before (Fig. 7.5(a)) and 
after (Fig. 7.5(b)) SU-8 processing. The main peaks are labelled as the D peak at 1348 cm-1, G peak at 
1580 cm-1, and 2D peak at 2700 cm-1, the peak positions have not shifted as a consequence of the SU-8 
processing step. The first result that can be taken from the spectra is that the CNTs grown for this device 
are most likely multi-wall CNTs. The lack of radial breathing modes (140-320 cm-1) and the lack of 
splitting in the G peak are indicative of MWCNT type, this means that the CNTs grown here are metallic 
in nature.13 Also, the CNTs are of relatively high quality and good long-range ordering considering the 
growth temperature, with the CNTs prior to SU-8 processing reporting a ID/IG of 0.41 ±0.01 and a ID/I2D 
of 0.38 ±0.01 (Fig. 7.5(a)). These values and observations are in line with previous research carried out 
investigating CNT growth using a very similar sample architecture (without the protective catalyst 
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layer) in a PT-CVD system.26,181 These experiments reported growth of MWCNTs, demonstrated by 
TEM and Raman spectroscopy, in addition to a ID/IG of between 0.31 and 0.50 for very similar growth 
parameters.26,181 The Raman spectrum of the CNTs was altered due to SU-8 processing, with an increase 
in ID/IG to 0.60 ±0.01 and an increase in ID/I2D to 0.64 ±0.01 (Fig. 7.6(b)).  
 
 
Figure 7.5: Raman spectra from six separate electrodes for (a) before SU-8 processing and (b) after SU-8 
processing. The main peaks, i.e. D peak – 1348 cm-1, G peak – 1580 cm-1, and 2D peak – 2700 cm-1. 
 
This increase in both values indicates a negative effect on the CNTs due to SU-8 processing, which is 
exemplified by Figure 7.6. Specifically, Figure 7.6(b) illustrates the increase in the D peak intensity, in 
addition to a broadening of the G peak (most likely caused by an increase in intensity in the D’ peak at 
~1610 cm-1) after SU-8 processing. 
 
 
Figure 7.6: Raman spectra indicating the difference in CNT quality before and after the SU-8 processing 
step. (a) Displays the full Raman spectra with important peaks, (b) magnified view of the D peak and G peak 
area, indicating the change in D peak intensity due to SU-8 processing. 
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7.6.   Electrochemical Characterisation 
7.6.1.   Impedance Spectroscopy  
Following oxygen plasma functionalisation of the device various electrochemical characterisation 
experiments were performed. Initially, electrochemical impedance spectroscopy was performed to 
allow comparisons with previously characterised devices. The response of one of each electrode size, 
150 µm diameter and 16 µm diameter, is displayed in Figure 7.7 and Figure 7.8. The separated Bode 
plot (Fig. 7.7) demonstrates that the larger electrode area has a lower |Z| than the smaller electrode area 
over the frequency range investigated, which is logical as interfacial impedance has been shown to 
reduce with increasing electrode surface area. Additionally, the phase response illustrates a similarity 
between these different electrode areas, but the response from the smaller electrode area is shifted 
upwards in frequency. The larger electrode area displays a similar phase response with frequency to the 
EP Pt electrode, as seen in Fig. 5.8(b), i.e. a more resistive response at higher frequencies (103 Hz – 106 
Hz), which is not observed with the smaller electrode area. This phase response is different to that of 
the functionalised CNT MEA reported on in Chapter 5, which showed a highly capacitive response. 
Also, Figure 7.7 allows determination of the value for |Z| at 1 kHz which has already been stated as 
having electrophysiological significance. An interfacial impedance value of 2.77 ±0.21 kΩ (N=4) was 
calculated for the 150 µm diameter electrode (N=4) at 1 kHz, which interestingly is comparable to that 
of the 20 µm diameter electrode reported in Chapter 5. Additionally, the 16 µm diameter electrode of 
the novel functionalised CNT MEA reported an interfacial impedance value of 17.8 ±1.77 kΩ (N=8) at 
1 kHz, which is comparable to the commercial EP Pt electrode.  
 
 
Figure 7.7: Electrochemical impedance spectra of the novel functionalised CNT MEA, showing a separated 
Bode plot indicating how both (a) |impedance| and (b) phase change with the applied frequency of signal. 
Black squares are response of the 150 µm diameter electrode and red circles are the response of the 16 µm 
diameter electrode. 
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Accompanying the separated Bode plot, a Nyquist plot was produced for both electrode sizes. Figure 
7.8(a) displays the response from the 150 µm diameter electrode, where two time constants are 
observed, one lower impedance (Fig. 7.8(a) inset) and one larger. Figure 7.8(b) demonstrates the 
response from the 16 µm diameter electrode, where again two time constants are shown, although the 
lower impedance semicircle is only partially observable (Fig. 7.8(b) inset). Using the information 
attained from the Nyquist plot, a potential equivalent circuit diagram was produced for both electrode 
sizes (Fig. 7.9). 
 
 
Figure 7.8: Electrochemical impedance spectra of the novel functionalised CNT MEA, showing the Nyquist 
plot for (a) 150 µm diameter electrode and (b) 16 µm diameter electrode. 
 
The observation of two semicircles in the Nyquist plot infers two time constants in the equivalent circuit 
as stated, however the production of an equivalent circuit diagram may not be as obvious as in Chapter 
5.  
 
Figure 7.9 presents two equivalent circuits that are possible with the observation of two semicircles in 
the Nyquist plot. Figure 7.9(a) is the same equivalent circuit as that used in Chapter 5, which is different 
to Figure 7.9(b) where two time constants are presented in series. Here, the use of the SU-8 
photolithography step makes the decision of which equivalent circuit is likely to be correct more 
challenging. Specifically, if the SU-8 has not fully developed or the CNTs are highly densified due to 
the SU-8 passivation step, then only the CNTs will be exposed to the solution (not the underlying 
tracking metal as well). If this is the case, then the correct equivalent circuit is most likely Figure 7.9(b), 
however it could reasonably still be either equivalent circuit. 
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Figure 7.9: Potential equivalent circuit models to describe the Nyquist plot produced from the novel 
functionalised CNT MEA presented here. 
 
7.6.2.   Wide-potential Window Scans 
Interestingly, the wide-potential window scans provided information which helped to justify which 
equivalent circuit was correct. Figure 7.10 illustrates a potential window scan of four different 
electrodes, namely the two tested in Chapter 5 (commercial EP Pt MEA and functionalised CNT MEA) 
and the two different electrode sizes (150 µm diameter and 16 µm diameter) on this novel functionalised 
CNT MEA. The sudden increase in current at the extremes of the scan, in addition to the peaks in the 
scan window, are associated with water electrolysis and oxidation/reduction of the evolved oxygen and 
hydrogen, in addition to adsorption/desorption of oxygen and hydrogen on the electrode.175 These are 
noted for all of the electrodes apart from the 16 µm diameter electrode on the novel functionalised CNT 
MEA (Fig. 7.10 – green). Noble metal electrodes are known to electrolyse water at roughly +/- 1 Volt, 
this can be observed with the commercial EP Pt MEA for reference.175 However, CNT electrodes have 
been reported to have one of the widest available potential windows of any material, meaning they start 
to electrolyse water at much higher potentials. The stable potential window of 4 V observed here is one 
of the highest noted in the literature, improving upon the excellent potential windows demonstrated by 
boron-doped diamond and graphene.110,145 Therefore, some speculation can be made about the possible 
equivalent circuit models for the novel functionalised CNT MEA, when taking this data into account. 
Perhaps the 150 µm diameter electrodes resembles Figure 7.9(a), as the water hydrolysis occurs due to 
reactions happening at the underlying tracking metal between the CNTs (this is most likely also true for 
the functionalised CNT MEA discussed in Chapter 5). Comparatively, the 16 µm diameter electrodes 
may resemble Figure 7.9(b) as the undeveloped SU-8/highly densified CNTs may be completely 
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covering the underlying metal. Nonetheless, there is no definitive way, in this system, to know which 
equivalent circuit is correct, however the values for the two time constants are shown in Table 7.1. 
 
 
Figure 7.10: Wide potential window scans of four different electrodes, commercial EP Pt (black), 
functionalised CNT MEA (20 µm diameter electrode - red), novel functionalised CNT MEA (150 µm 
diameter electrode - blue), and novel functionalised CNT MEA (16 µm diameter electrode - green). Scans in 
PBS, ran at 1 V/s. 
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Electrode Size 
(µm) 
Rs (Ω) Rpo/RCNT (Ω) Cc/CCNT (F) Rct/RM (Ω) Cdl/CM (F) 
16 n/a 3.82 x 104 2.44 x 10-8 2.22 x 106 2.66 x 10-8 
150 803 2.35 x 103 6.06 x 10-9 2.43 x 106 3.54 x 10-7 
Table 7.1: Equivalent circuit fitting values for both electrode sizes tested on the novel functionalised CNT 
MEA. 
 
7.6.3.   Response to Dopamine & Interferents 
The response to a constant concentration of dopamine (50 µM) with varying scan rate (10 mV/s to 100 
mV/s) was determined, similar to the experiment carried out in Section 6.4.1. Again, experiments 
looked at the two different electrode diameters previously discussed, 150 µm and 16 µm. Figure 7.11 
displays the response from the 150 µm electrode diameter, with obvious oxidation and reduction peaks 
present at +255 mV and +179 mV, respectively, for 100 mV/s. This means the peak potential difference 
is calculated to be 76 mV, which is close to the ideal value of 30 mV for dopamine (as n=2 – see Eq. 
6.1), signifying good electrochemical reversibility for dopamine redox reaction at this electrode. 
Moreover, the anodic and cathodic peak currents were calculated and plotted against the scan rate (Fig. 
7.11(b)) and the square root of the scan rate (Fig. 7.11(c)), to determine whether the charge transfer is 
adsorption or diffusion mediated. Similar to the response of the functionalised CNT MEA in Section 
6.4.1, the plots illustrate an adsorption based mechanism as the peak current is linear with scan rate over 
the entire range. This adsorption mechanism for the redox reaction of dopamine is consistent with the 
use of carbon based electrodes, particularly CNTs.108,210,218 Additionally, the anodic and cathodic slope 
values for the linear response, 60.1 pA/(mV/s) and 45.7 pA/(mV/s), agree to within 75%, indicating 
good electrochemical reversibility at this electrode for dopamine. A response to 50 µM dopamine was 
also measured, using cyclic voltammetry, at electrodes with 16 µm diameter. Figure 7.12 demonstrates 
such a response, where the oxidation and reduction peaks can be discerned, yet with some degree of 
difficulty. This difficulty makes the peak currents challenging to determine for each scan rate, and thus 
the values cannot be calculated with any degree of accuracy. However, the oxidation peak was noticed 
to be +258 mV and the reduction peak was +168 mV (at 100 mV/s), resulting in a peak potential 
difference of 90 mV. This indicates a lower electrochemical reversibility at this electrode area compared 
to the larger area previously stated. Nonetheless, 90 mV represents acceptable reversibility in terms of 
rate of charge transfer at this electrode. Following these initial investigations a preliminary differential 
pulse voltammetry experiment was carried out, on both electrode sizes, to determine whether they could 
record near physiological concentrations of dopamine and how they react to interferents (i.e. ascorbic 
acid). 
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Figure 7.11: Response to 50 µM dopamine by novel functionalised CNT MEA electrode of 150 µm diameter. 
(a) Graph illustrating increasing peak current with increasing scan rate, from 10 mV/s to 100 mV/s in 10 
mV/s steps. (b) Linear response of peak anodic (black) and cathodic (blue) current to scan rate (R2 = 0.99), 
anodic response was y=0.06006x+1.71603, cathodic response was y=-0.04568x-1.50403. (c) Response of peak 
current to square root of scan rate. 
 
 
Figure 7.12: Response to 50 µM dopamine by novel functionalised CNT MEA electrode of 16 µm diameter. 
 
The results of this experiment are presented in Figure 7.13, where the responses of the two different 
electrode sizes for the novel functionalised CNT MEA are shown separately. Both electrode sizes 
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display a response to PBS (control), to 10 µM dopamine and to 1 mM ascorbic acid. It must be noted 
that the concentration of the ascorbic acid is 100 times larger than the dopamine. Figure 7.13(a), which 
is the response of the 150 µm diameter electrode on the novel functionalised CNT MEA, shows a clear 
separation of the ascorbic acid and dopamine peaks. The ascorbic acid oxidation potential is -64 mV, 
with 1mM concentration producing a peak current of 126 nA. The dopamine oxidation is registered at 
+142 mV, with 10 µM concentration generating a peak current of 61.3 nA. Here, a clear peak separation 
of 206 mV is observed for ascorbic acid and dopamine, which is less than the 270 mV determined in 
Chapter 6. However, a substantial reduction in peak width using this novel functionalised CNT MEA 
means the analytes can be suitably discerned, this was not the case in Chapter 6 where the CNT MEA 
discussed had overlapping of peaks.  
 
 
Figure 7.13: DPV response of (a) 150 um and (b) 16 um to PBS used as a control (black), dopamine (DA) 10 
µM, and ascorbic acid (AA) 1 mM. 
 
Figure 7.13(b) shows the response of the 16 µm diameter electrode on the novel functionalised CNT 
MEA, which again shows a distinct, yet smaller, peak for dopamine oxidation. This peak is located at 
+141 mV which is only 1 mV different to the response at the 150 µm diameter electrode, and produces 
a peak current of 5.05 nA in response to 10 µM dopamine. The voltammogram from the ascorbic acid 
(1 mM) generated no significant peak such as that in Figure 7.13(a), however one small peak was 
observed at -24 mV which could potentially be assigned to ascorbic acid oxidation. If this is true then 
the peak current produced was 1.91 nA for 1 mM ascorbic acid. For both electrode sizes tested on the 
novel functionalised CNT MEA the selectivity of dopamine against ascorbic acid was permitted, such 
that no peak overlaps occurred at the concentrations tested. Moreover, the sensitivity for dopamine 
compared to ascorbic acid appears to be substantially higher as 100 times higher concentration for 
ascorbic acid compared to dopamine only caused an increase in current of two-fold (150 µm diameter 
electrode).  
-0.2 0.0 0.2 0.4
30
60
90
120
150  
 
 
PBS
DA – 10 µM
AA – 1 mM
Potential [V (vs. Ag/AgCl)]
C
u
rr
en
t 
[n
A
]
(a) (b)
-0.2 0.0 0.2 0.4
25
30
35
 
 
 
DA – 10 µM
AA – 1 mM
PBS
Potential [V (vs. Ag/AgCl)]
C
u
rr
en
t 
[n
A
]
Chapter 7                                                             Novel CNT–Based MEA Design and Characterisation 
127 
 
7.7.   Novel MEA Potential 
A number of other experiments can also be performed to exemplify the potential of this novel 
functionalised CNT MEA, as detailed in Figure 7.14. These experiments can be divided into 2 main 
sections, the first of which is chemical testing. These tests begin with understanding the reproducibility 
of the results observed in Figure 7.13. To do this other electrodes must be tested using the same 
procedure, this also includes measuring various concentrations to exact sensitivity metrics, similar to 
that generated in Chapter 6. Additionally, as with any sensor, common interferents need to be measured 
and compared against for selectivity purposes. Here, that would include noradrenaline, uric acid, 
serotonin, and DOPAC for dopamine based experiments. Finally, the second section of biological 
measurements, namely electrophysiology and electrochemistry using cell cultures, would complete the 
picture for the potential use of these novel functionalised CNT MEA devices in research laboratories. 
 
 
Figure 7.14: Schematic illustrating the future experiments needed to validate the novel functionalised CNT 
MEA fabricated here. DA – Dopamine, AA – ascorbic acid, NA – noradrenaline, UA – uric acid, 5-HT – 
serotonin, DOPAC – 3,4-Dihydroxyphenylacetic acid.  
 
7.8.   Summary 
To summarise, this chapter lays the foundations for a novel approach to fabricating a CNT-based MEA 
device. This fabrication procedure aimed to remove some the limitations associated with the CNT-based 
MEAs that were produced in Chapters 5 & 6, namely the removal of the CNTs from the electrode after 
repetitive use and a simplification of the fabrication protocol. To overcome these limitations, a thin 
protective layer has been deposited above the Fe catalyst layer to support CNT retainment at the 
electrode, this was demonstrated in Figure 7.2. Additionally, the use of SU-8 as the passivation layer, 
which is itself photo-patternable, provided a simplification in the fabrication procedure compared to 
that described in Chapter 5. Once the device was complete it was observed that the SU-8 layer 
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deposition had caused a slight detrimental effect to the CNT electrode, shown by an increase in the ID/IG 
using Raman spectroscopy.  
 
Two electrode sizes, 16 µm diameter and 150 µm diameter, were tested using electrochemical methods 
including impedance spectroscopy, cyclic voltammetry response to dopamine, and differential pulse 
voltammetry response to dopamine and ascorbic acid. The impedance spectroscopy Bode plot 
demonstrated an interfacial impedance of 2.77 ±0.21 kΩ for the 150 µm diameter electrode and 17.8 
±1.77 kΩ for the 16 µm diameter electrode at 1 kHz. The value for the 16 µm diameter here is roughly 
6 times larger compared to the CNT MEA described in Chapter 5, however the interfacial impedance 
is still an improvement on the commercial EP Pt MEA of a similar size, indicating its potential to 
adequately record electrophysiological signals. Also, this novel functionalised CNT-based MEA 
displayed two time constants for both electrode sizes, similar to that of the CNT-based MEAs in Chapter 
6. However, it was noted that the equivalent circuit diagram for the MEA defined in this chapter may 
be different to that outlined in Chapter 5 due to the potential presence of undeveloped SU-8 in the CNT 
electrode area. This was postulated due to the wide-potential window scan results from the electrodes 
which indicated no water electrolysis in a 4 V scan window for the 16 µm diameter electrode. Therefore, 
due to the possible difference in equivalent circuit diagrams between this novel functionalised CNT 
MEA design and the CNT-based MEA device in Chapter 5, it is difficult to make direct comparisons 
between the two. However, it should be noted that the pore resistance (or CNT resistance) for this novel 
CNT MEA design was almost two orders of magnitude higher compared to that calculated in Chapter 
5, indicating that there may indeed be undeveloped SU-8 between the CNTs.  
 
The electrochemical response to dopamine using cyclic voltammetry was again an adsorption-based 
mechanism, the same as the CNT MEA in Chapter 6. Of note was the peak potential difference for the 
150 µm diameter which was much lower (76 mV) compared to the functionalised CNT MEA in Chapter 
6 (200 mV), this demonstrates better electrochemical transfer rates at this novel CNT MEA electrode. 
Finally, differential pulse voltammetry of dopamine and ascorbic acid provided evidence of improved 
selectivity compared to the CNT-based MEA defined in Chapter 6, with clear separation of the peaks 
for both biomolecules. Also, this response was observed with an ascorbic acid concentration 100 times 
higher than dopamine, which again is an improvement compared to the functionalised CNT MEA in 
Chapter 6. As only one measurement has been produced a comparison of sensitivity cannot be made, 
but the 5.05 nA response to 10 µM dopamine of the 16 µm diameter electrode here is lower than the 
37.9 nA response to the same concentration of dopamine reported by the CNT MEA in Chapter 6, 
indicating that the sensitivity of this novel MEA may be comparatively reduced. 
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Chapter 8 – Conclusions & Future Work 
 
Over the past two decades nanomaterials have been used extensively in the area of biology, stimulating 
the emergence of the bio-nanotechnology field. CNTs continue to be a material of interest for a number 
of applications due to their excellent mechanical, chemical and electrical properties, particularly in the 
field of biosensors. Therefore, this thesis was aimed at using CNTs directly grown and functionalised 
on a MEA device to detect selective electrochemical signals from dopamine, an important 
neurotransmitter in the mammalian central nervous system.  
 
This chapter will summarise the major findings of this project, whilst also providing a comparison of 
the results gained with the state-of-the-art devices in this area. Finally, future work will be discussed, 
in addition to a critical assessment of the potential for CNT-based MEAs to facilitate electrochemical 
detection of neurotransmitters.  
 
The first results chapter (Chapter 4) in this project detailed the investigations made into functionalising 
CNTs using exposure to oxygen plasma. As stated previously, oxygen functional groups instil two 
properties that are key to the selective electrochemical detection of dopamine, namely the conversion 
from hydrophobic to hydrophilic behaviour of CNTs and the electrostatic attraction of dopamine and 
repulsion of ascorbic acid (one of the primary electrochemical interferents for dopamine). Oxygen 
plasma functionalisation was the technique investigated here as it has the capability to functionalise 
CNTs which are already on a device, a property not shared by other functionalisation techniques which 
use aggressive components such as acids, oxidisers, and high temperatures. The results demonstrated 
functionalisation was possible at exposure times of just a few seconds, in turn modifying the CNT 
behaviour from hydrophobic to superhydrophilic, as shown by the reduction in contact angle from 135ᵒ 
to 0ᵒ. This was determined to be due to the huge increase in oxygen functionality bonded to the CNT 
structure. Using the results gained in Chapter 4, Chapter 5 was aimed at fabricating a functionalised 
CNT-based MEA and comparing the fabricated CNT-based MEA to a state-of-the-art commercial 
MEA. The fabrication was successful, producing a CNT-based MEA with high quality CNTs prior to 
functionalisation. It was demonstrated that oxygen plasma functionalisation of this fabricated device 
improved the interfacial impedance values at 1 kHz to produce one the best reported in the literature 
(2.75 ±0.19 kΩ), in addition to being an order of magnitude better than state-of-the-art commercial 
MEAs (25.6 ±3.82 kΩ). Leading on from this work, Chapter 6 investigated the electrochemical 
properties of the functionalised CNT-based MEA fabricated in Chapter 5, in addition to comparing 
them with a current state-of-the-art commercial MEA. The electrochemical detection focussed on 
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physiologically relevant concentrations of dopamine (200 nM to 10 µM) and higher concentrations of 
common electrochemical interferents, such as ascorbic acid. It was found that the functionalised CNT 
MEA generated a much better sensitivity to dopamine compared to the commercial state-of-the-art 
MEA (9.48 µA µM-1 mm-2 vs. 0.21 µA µM-1 mm-2), in addition to a lower detection limit (7 nM vs. 770 
nM). However, it was also observed that the CNTs were being removed from the surface of the electrode 
during sequential runs. Following the recognition of this mechanical limitation, a novel CNT MEA 
fabrication procedure was proposed and exacted in Chapter 7. This procedure used a protective layer 
deposited on the catalyst to improve the CNT adhesion, in addition to using SU-8 photoresist as the 
passivation layer. Preliminary results demonstrated impedance responses roughly 6 times worse for the 
novel functionalised CNT MEA compared to the functionalised CNT MEA fabricated in Chapter 5. Yet 
the interfacial impedance was similar to the available commercial electrodes discussed in Chapter 5, at 
1 kHz, using an electrode of similar geometric surface area. Subsequent to this result the MEAs 
electrochemical response to dopamine and ascorbic acid was observed. Results showed complete peak 
separation at both electrode sizes tested, indicating selectivity for dopamine against common 
electrochemical interferents. Thus, even though the interfacial impedance for these novel CNT MEA 
electrodes was higher than the other CNT MEAs fabricated, their ability to separate ascorbic acid and 
dopamine signals appears to be much improved. 
 
Overall, the work conducted in this project compares favourably with that available in the literature to 
date, as has been discussed in each of the results chapters. The experiments on functionalisation of 
CNTs reported full wetting of the CNTs with aqueous solutions, this is a 5° improvement on the best 
result to date.50 Additionally, Raman spectroscopy measurements at various points along the vertical 
CNT indicated that functionalisation via oxygen plasma is selective, i.e. only the top of the CNT is 
functionalised. This observation has not yet been reported in the literature and could be an important 
parameter to consider in applications that use functionalised CNTs. This information was used in the 
fabrication of a functionalised CNT-based MEA which recorded an interfacial impedance of 2.75 ±0.19 
kΩ at 1 kHz using a 20 µm diameter electrode, providing one of the lowest reported values compared 
to the available literature (see Fig. 5.14). Finally, when investigating the electrochemical response to 
dopamine using the same MEA, a sensitivity value of 9.48 µA µM-1 mm-2 was recorded for dopamine. 
Again, this value is one of the best available compared to those in the literature (see Table 6.1), other 
reports have observed increased sensitivities of almost three-fold, however these molecularly-imprinted 
polymer systems require accumulation times of six minutes, thus limiting their applicability to real-time 
measurements.116  
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8.1.   Future Work 
As a consequence of the results gained during this project, a number of investigations and future projects 
could be undertaken. Chapter 4 detailed a rapid functionalisation technique capable of chemically 
bonding a large proportion of oxygen functional groups onto CNT structures, using exposure times of 
a few seconds to avoid etching of the CNTs. Future work may include investigating different exposure 
times to find the optimum which produces the highest number of carboxylate groups, thus increasing 
the density of negative charge on the CNT structure. Additionally, as CNTs have a relatively large 
surface area, the number of potential bonding sites is high. Therefore, with a high number of carboxylate 
groups available on the CNT structure it is possible for covalent bonds to be formed with available 
amine groups (-NH2), such as those on proteins. This, in turn, can likely permit covalent bonding of 
CNT structures on devices with proteins such as enzymes, allowing fabrication of devices such as 
biological fuel cells on a large scale with a high density of enzymes.219 
 
In terms of the functionalised CNT MEA fabricated and characterised in Chapters 5 & 6, the next 
obvious step would be to investigate the response of biological samples, such as cell cultures or tissue 
slices, using the MEA. The experiments initially should include measurements of biocompatibility, i.e. 
is there a toxicological effect of using the MEA and does the exposure to biological samples affect the 
MEA itself in any way. Subsequently, investigations of electrophysiological and electrochemical 
responses at electrodes on the MEA could be undertaken, with the possibility of doing both 
measurements during the same ‘experiment’ to observe any correlations between the results, i.e. does 
the electrochemical pathway follow the electrophysiological one. This device’s lifetime will be limited, 
however, due to the observed result of CNTs being removed from the electrode area over time. 
 
This leads onto future experimental work that can be carried out on the novel functionalised CNT MEA 
developed in Chapter 7. This MEA has demonstrated promising results in terms of interfacial 
impedance and electrochemical selectivity towards dopamine and ascorbic acid. More extensive testing 
to calculate the sensitivity of the electrode towards dopamine, in addition to other electrochemical 
interferents, would be important. As this MEA has ‘wells’ above the electrode, i.e. the passivation layer 
is taller than the CNT electrodes, it would most likely be suited to cell culture experiments as the cells 
could ‘drop’ into the wells. Moreover, as there are a number of electrodes present on the same device, 
this design could be used for ‘lab-on-a-chip’ experiments. This would include functionalising various 
electrodes with different selective biomaterials, i.e. enzymes, potentially allowing selective detection 
of a large number of biomolecules on a single device. This could be performed by using electrophoretic 
deposition of enzymes, a technique that has been used to generate dense packing of enzymes onto 
substrates.220 
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Lastly, printing of conductive electrodes is an ever-expanding area of interest with regards to 
electrochemical detection. Due to the nature of the printing technique it is possible to deposit material 
at specific locations on a substrate, in this case on the electrodes of a MEA. CNTs have been screen-
printed, contact-printed, as well as ink-jet printed to produce electrodes in pre-defined areas.131,221,222 
These have in turn been used for electrochemical detection of a number of molecules, including 
dopamine and glucose, indicating the possible suitability of using printed CNTs for this application. 
 
8.2.   Summary 
This final part of this conclusion will attempt to examine the suitability of CNTs, in particular CNT 
MEAs, for electrochemical detection purposes. This begins with the fabrication procedure for PT-CVD 
grown CNTs, which requires relatively high temperatures, therefore restricting the materials which can 
be used. Common substrate and track materials for MEAs, or indeed other biological devices/sensors, 
are borosilicate glass and indium tin-oxide, respectively. However, at the temperatures necessary for 
CNT growth (between 400ᵒC & 1000ᵒC) borosilicate glass begins to deform and indium tin-oxide 
conductivity dramatically reduces. This means these transparent materials cannot be used, thus silicon 
and high-temperature resistant metals are needed, this is turn limits the final set-up capability where 
any microscope work would need to be carried out in reflection mode. Nonetheless, these PT-CVD 
grown CNTs have demonstrated one of the lowest reported interfacial impedance values available in 
the literature to date, thus the necessary requirements for the final measurements should be taken into 
consideration for any future MEA device designs.  
 
Another important consideration during the fabrication procedure is the wettability of the electrode 
material with the solution. Good wettability can improve the access to areas of the material, increasing 
the area of the electrode available to the solution.27 This has been particularly well studied with graphene 
and CNTs, which are inherently hydrophobic, but through functionalisation procedures can be modified 
to become hydrophilic. Here, oxygen plasma functionalisation has been proven to permit full wetting 
of CNTs in aqueous solutions, therefore allowing a substantial amount of CNT structure to be accessed 
for measurements. This rapid, low cost, and relatively environmentally friendly procedure generates a 
hydrophilic material capable of good quality signal recording, with a potential for biocompatibility.51 
Thus, currently it is unlikely that there is a functionalisation technique capable of the same output with 
such simplicity, indicating its potential for large scale use. 
 
Finally, we examine the potential for CNT-based MEAs to confidently measure electrochemical signals 
with biological significance. Currently, electrochemical detection of neurotransmitters is the only way 
to generate real-time tonic and phasic measurements. Other techniques which provide high selectivity 
and sensitivity, such as spectroelectrochemistry, can be performed on samples taken from the brain but 
Chapter 8  Conclusions & Future Work 
133 
 
not performed in real-time. Carbon fibre electrodes, which are commonly used, can record from a single 
position whereas MEAs have the potential for multi-site detection, as has been clearly demonstrated by 
electrophysiology recordings.2 The primary challenge with using MEAs for electrochemical detection 
is likely to be the different calibration curves that may be necessary for each electrode. If highly 
consistent electrodes can be fabricated there is substantial potential for electrochemical MEAs to 
become an integral research tool. 
 
Conclusively, this thesis demonstrates key advantages of using an oxygen plasma functionalised CNT 
MEA system for electrochemical detection of dopamine. These advantages include low interfacial 
impedance for potential electrophysiological detection, in addition to high sensitivity/selectivity and 
low detection limits for electrochemical detection of dopamine. Future work must focus on determining 
the biocompatibility of such a device, in addition to proving its ability to measure in situ or in vitro 
signals. If these experiments are successful, it is likely that CNT based MEAs could become an 
invaluable tool for electrochemical detection of electroactive neurotransmitters. 
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